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SCINTILLATION COUNTERS FOR SLOW NEUTRONs* 
by 
John A. Dooley and Harrison Shull 
I.. ABSTRACT 
l. 
The suitability of boric oxide glass containing phosphorescent materials 
for use as scintillation counters for slow neutrons is investigated both 
theoretically and experimentally. A theory is developed which can be used 
for predicting counting efficiencies of the phosphor disks given optical data 
and neutron absorption properties of the materials present, and physical 
details of the experimental ar~angement. This is compared to experiment in 
one case with good agreement. ·rt is shown that there are serious practical 
difficulties in the use of a boric glass phosphor as a slow neutron detector. 
The literature of scintillation counting is reviewed with especial 
attention to slow neutron counting. A tilled bibliography of this field 
containing over 500 entries classified by subject matter is included. 
-.*This report is based on a Masters v thesis by 
December~ '1953 at Iowa State Colle-ge~ Ames, Iowa~ 
under contract with the Atomic Energy Commission. 
John A. Dooley submitted 
This work was performed 
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II. INTRODUCTION TO THE PROBlEM 
In the past .few years the nuclear and radiochemical arts have b~en 
developing with amazing rapidity; in large measure due to the recent military 
urgencies. Offspring of military requirements for atomic power has been the 
increased availability of radioactive materials for medic~l research,and · 
treatment, and for chemical and biological analysis ~! tracer techni~Jes. 
As a result there are everincreasing demands for better methods of detection, 
counting, and energy measurements of the fundamental particles and radiations. 
Since at least 1944 (161) the new photomultiplier tubes in conjunction 
with scintillation materials have held great promise of being the best means 
for all-around radiation measurements. In addition, many interesting experi-
ments on fundamental radiation-particle and particle-particle interactions 
have been performed. The success of any scintillation system must depend 
finally on the useful dissipation in ~he scintillation material of about 1000 
e.v.* or more for each event to be recorded. Many nuclear reactions and 
radioactive decompositions · give off ionizing radiations with energies many 
times this amount. However, some reactions will eject neutrons, which having 
no charge carinot be detected in the s~me way as charged particles. The 
kinetic energy of fast· neutrons can be transferred bw recoil protons into 
scintillation energy. However, these may be difficulties here in discrimin-
ating against the gamma radiation frequently present. We may wish to 
moderate the fast neutrons down to thermal energies. Neutrons with energies 
less than ~few thousand e.v. down to thermal energies of about .025 volts 
allow detection only by nuclear absorption and subsequent energy release. 
Thus, whether the slow neutrons**originate in a nuclear reaction, a pile, or 
are slowed for detection, we ~re faced with the problem of thermal neutron 
d~tection. It will be seen from subsequent discussion that there is no 
satisfactorY method of counting slow neutrons. The present work was under-
taken in hopes of developing a superior slow neutron scintillation disk to 
be used in conjunction with an RCA-5819 photomultiplier tube. 
III. EARLY HISTORY OF SCINTILLATION COUNTERS 
AND OTHER RADIATION DETECTORS 
A scintillation counter in its simplest form consists of a particle 
or photon detector which emits photon pulses of characteristic energy. 
*Throughout this paper the abbreviation e.v. will be used for electron 
volts and m.e.v. will be used for million electron volts. 
*"'The term "slow neutrons" is sometime's meant to include any neutrons 
with energies of about 100 e.v. and less. In · this paper the term will be 
used interchangeably with "thermal neutrons" and meant primarily for the 
energy range of .025· e.v. to .1 e.v. 
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These detector photons are converted by a photomultiplier tube into 
electron bursts or voltage pulses, which are amplified and t hen measured or 
counted by the associated electronic equipment • 
.. 
~ Modern scintillation methods have had a zig-zag development. Th~ t wo 
important physical principles involved in the photomultiplier tube are the 
photoelectric effect and electron multiplication or the second~ry emission 
effect. The photoelectric effec.t was discovered by H. Hertz (491) in 1887. 
The fifst phototubes, outgrowths of the photoelectric effect, were not 
sufficiently sensitive to detect the relatively weak individual flashes of 
light from a scintillation material. It was not until the discovery and 
understanding of"the secondary emission effect (50,55,484,495,506) from 1936 
to 1939 that. a sensitive phototube was developed. Such a photomult~plier 
can now give a usable signal from a light pulse containing as few as 10 
photons. 
Shortly after Hertz' discov~ry of the photoelectric ef.fect W. Crooke~ 
(487) was using a ~croscope to see discrete flashes off from alphaparticle 
scintillations in zinc sulfide cryst~$. Many important experiments along 
this line were carried out between 1903 and 1930. However for practical 
radiation measurements three Qther~ethods were principally used between 
1910 and about· ·~94o. The first nethod was probably C. T. R. Wilson's (505) 
production in 1911 of ion tracks in a cloud chamber. This type of equipment 
has been used widely since that time. Also in 1911 M. Reiganum (499) 
observed the developable · interaction of charged particles with photographic 
emulsions. Since about 1930, with ,the development of speci~l nuclear 
emulsions and microscopic means of €~aluating the_ plates, the photographic 
study of radia~ions has been quite widely used. The third method, that of 
gaseous ion-multiplication cham1:1ers, was being adopted in the early 1930's · 
and has been the most popular method for radiation detection until the a'dvent 
of the photomultiplier scintillation counter in about 1947~ 
Thus it is seen that the mode~n scintillation counter is based on two 
discoveries as early as about 1900 (the photoelectric effect; alpha scintilla-
tions in zinc sulfide); but also including a discovery as late as about 1935 
(the secondary emission effect). In addition, electronic developments since 
1935 have substantially contributed to the acceptance of th~ photomultiplier 
system~ · 
The earliest reference to a· modern type scintillation system, cited in 
this paper is that of Curran and Baker (161). Although this manuscript was 
written for the Atomic Energy Commission in November of 1944, it was not 
declassified until about three years later. Perhaps the first widely-read 
article on the new scintillation counter was tha t of H. Kallman, published 
in 1947 in Nature and Technic magazine (now A~s der Natur, magazine). 
''· 
.. 
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rr. REVIEW" OF THE LITERATURE 
•, 
Because of the large numbers of papers on the subject of scintillation 
counting which have appeared since 1947, it was believed that a thorough 
search of the literature was warranted. While many of the sections other 
than Section S are only partially complete, it is believed that the field. of 
scintillation counting, aside from techniques ··of spectrometry, is well repre-
sented by the literature cited. The references have been grouped in the 
bibliography accordine to their use in the present work. The classification 
is arbitrary and, .;fQr example, references in Section A may include important 
information per.'trinen\. to Section H. 
A. Review of Blbl~_ograpltjr Sections A to R and T to V 
The first section on general references includes (1) to (34). Some of 
the references (1,4,10,11,20,21,22) ·compare scintillation inethods with other 
counting rethods. , Corson and 1Jilson (4), for exan1ple, present a 27 page 
review with 107 references. Besides the methods which will be discussed. 
later·'· in t his paper they oompare :' crystal counters, which are hardly beyond 
the experimental state at this time.- Hine states (11) that gas chambers 
have an efficiency of only .7% to 2% for .4 m.e.v. gammas. Similarly a 
typical end 1dndow Geiger counter has 2 % efficiency. They reported a Ca'W04 
scintillation disk 3/811 thick as haviJlg about 100 % efficiency for gamma from 
radium (4). Hofstadter (12) has compiled tables for several dozen common 
scintillation materials. These tables include the physical properties, 
spectra, relative emission yields, and lifetimes of both organic a~d inorganic 
substances. The literature survey qy Jebe and Olson (13) will be an alpha-
betical listing of over 1000 articles on scintillation counting. It will 
include, in addition to the present bibliography, articles on·coin~dence 
set-ups, spectrometry, etc., which topics are not considered in. detail in 
the present paper. H. Kallman's work on scintillation counting, e.g. (19) 
deserves special mention. rn the 59 'pages of this report is presented a 
sunnna ry of previous work a s well as new results. The first part of the 
discussion presents the intensity output of a scintillation crystal as a 
function of refractive index. He the~ discusses proportional countinG using 
triple coincidences to the x,y,z axes of an oscilloscope. There is presented 
a table of quantum yields for many inorganic and organic crystals. At all 
times he keeps in mind t he number of photons and relative counting to be 
expected from the system. Such factors as contamination and lifetime of 
the scintillation pulse are considered. Alpha, beta, gamma, and X-ray 
radiations are used. The paper by Marshall et al. (26) is another good 
review article. He suggests the application-ofilthin layer of phosphor 
material to the glass envelope of a 931-A photomultiplier. This may be 
surrouned by a spherical mirror 1nth a small hole to admit the radiation. 
References (35) through (49) discuss the photomultiplier tube. For 
general discussions of the characteristics and electronics such articles as 
10 ISC-497 
(393 44,45) are especially helpful. The tube is a vacuum type and glass-
enclosed (may be quartz for admittance of ultraviolet light). It is arranged 
so that light will strike an active surface, usually Cs3Sb co~ted, producing 
photoelectrons which are accelerated by about 100 volts . towards the first 
dynode, a similarly coated electrode.• At the first dynode each electron 
produces about five rore secondary electrons which are then accelerated 
towards the second dynode, etc. The tubes ordinarily employ ~ine or ten 
such dynodes, each operated at 80 to 100 volts positive with respect to the 
preceding dynode. The l~st electrode is a collector which accumulates 
most of the electrons leayingthe. last dynode. These electrons represent 
the total tube current and flow through the plate (or collector) load 
resistance creating a voltage pulse ot up to a few tenths of a volt. This 
pulse, representing the event to be d'etected, · is amplified and counted. by 
the associated electronic apparatus. The stabilized power supply of around 
the 100 volts ordinarily 'used is relatively easily handled, .e.g. (49), and 
by conventional regulated supplies. Perhaps the simplest circuit is that 
used for the present work and presented later. The' presence of small 
magnetic fields such as the earth 1 s field may be troublesome, but. can be 
easily corrected by mumetal shields in contact with .the tube. Stronger 
fields may require special shielding (41). The transit time of electrons 
through the photomultiplier tube introduces a time delay of , the electronic 
pulse behind the initiating event. Overall variations in transit time from · 
puls.e to pulse will introduce a spread in pulse delays. For the electrons 
which make up one pulse, variations in transit time and in qynode multipli-
cation spread out the arrival time at the collector anodS. This pulse width 
introduced by the multiplier tube is. on the order of 10- seconds. Ordinarily 
the resolving time of the system is limited to no better than this value 
(35,37,46). , The third effect considered in this section is the problem of 
after-pulsing or satellite pulseE (40). ·It was found by Lanter and Corh~n 
that a large scintillation pulse would produce as many as _50 after-pulses qver 
a period of time up -to 40 microseconds(43). Allen studied ~uch pulse effects 
as a function of small gas pressures and shows that several types of after-
pulsing . may be attributed to ion f ormation and bombardment (36). Another 
important characteristic of the multiplier is a fatigue effect (48). It is .. 
shown that for tube currents which are too high, the gain of the tube will 
drop to a certain level, but will come back after a rest period. This 
phenomenon has· be'en encountered primarily with use of 'vffry high · potentials 
on the multiplier tube. However Post and Shiren (47) report a 931-A multi-
plier pulsed· at 5000 volts for up to 2.5 microseconds with a reso'lving time 
of about one millimicrosecond, a gain of 109 and no current saturation or 
fatigue effect. This 'system has the disadvantage of requiring a dead time 
of a few microseconds between pulses. Finally the energy response of the 
photocathode .must be mentioned. There will be photos ~nsitivity over about 
only 400 R~ The maximum response wavelength will depend on the material used 
for a photocathode as well as the type of glass used in the tube envelope. 
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Referring to Section C of the bibliography, it is seen that the first 
electron multiplier tubes were used to detect electrons and ions (50,52,55, 
58). As materials and treatments were applied for the efficient production 
of photoelectrons ~y X-ray, ultraviolet, ~nd visible photons, the tubes 
found application to lower energy radiation measurement (51). Thus in some 
cases it may be more desirable to deal with the particles directly with a 
· multip,lier tube, ~th the necessary cathode activation, than .to have initial 
detection by an external scintillation material. Allen (53) submits 100% 
counting ~ efficienc~ for low ~nergy electrons and for alphas in the energy 
range u~ed. Robson (59) states an efficienqy of 80% to 100% _for five to 
ten k:. e. v. pro·tons and 100% for pluton:i,um alphas • Further references ·on 
recent used of mu+tiplier tubes for direct detection are (54,56,57,60,61). 
J • 
Section D com~rises ,references (62) through (71). All of this work 
has to do with the ·use of gas counters to detect ultraviolet and visible 
radiations from scintillation materials; thus to be used instead of a photo-
multiplier tube. Such counters are not apt to be used -except for special 
experimental set-ups~ They suffer, from th~ usual gas chamber disadvantages 
of requiring higher·- voltage, longer dead-times, and the requirement of 
extremely careful filling and activation. The best, improv~~ counter of this 
type, using a silver-activated sodium chloride (NaCl(Ag) ) phosphor* and 100% 
counting geometry gave ·an absolute efficiency" of about 15% for po;Lonium 
alphas with no spurious delayed counts. 
Orsanic crystal S<?intilla.tors were probably the first used, and of these 
naphtalene seems to 'have ·be~n · the standard for comparisons from about 1947 
to 1949 (81,82,83,86,lOJ,l04,l05). However it seems.that anthracene is 
so~what better in response, although more difficult to produce and since 
ab6ut 1948 or 1~49 has been used as a standard 'for comparison of other 
scintillation materials, at least for non-particle radiation (72, 73, 75, 77., 
78,79,84,87,89,90,94,95,96,99). Stilbene crystals r~ve been found to be 
good scintillators ·by some (86,M,91). Hofstadter (87), for example, · 
\ 
reports stilbene, terphenyl, and dibenzyl crystals for ~-radiation as having 
about 60% efficiency and one-third the lifteime relative to anthracene 
crystals. Gittings (86) reports stilbene for radium gamma as being the 
1 best of many organic crystals tested.· Thus it is difficult to compare 
results on a quantitative basis, partfcularly for different authors. The 
conrusion is three-fold. The emission spectrum of the crystal relative to 
the phototube response mtj.St b,e taken into account (44) • . The purity of the 
scintillation material is an extremely important factor; and ordinary methods 
may not suffice (18). Furthermore scintillators vary in their response to 
different radiations (72,73,83) and to different energies of the same radiation 
type (83,88,89). Finally the lifetime of emission and the electronic pulse-
* CaF2 seems to be somewhat better (62). 
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shaping circuitry will greatly affect the relative responses of scintillation 
materials (18). The remaining references in this section (74, 76,80,85',97.). · 
98,100-102) deal wi'th particular scintillation properties which will be · · 
summarized in a later section. 
There are 36 references1 (106-142) on use of i:norganic scintillators 
for detection of radiations and ·particles other than alphas. The earliest 
work (18) was done with activated zinc sulfide phosphors and this is still 
one of the mast efficient scintillators known and receives considerable 
study (109,122,128). Zinc oxide was found to be good, but possesses two 
emission bands, one in the visible and one in the ultraviolet (134). 
Cadmium sulfide was found t·o be slightly less efficient than Zlinc sulfide, 
and like the latter tends to a~sorb its o~m radiation (110). More recently 
there has been a surge of investigation of the thallium-activated alkaline 
halides (106-108,114,137,141), and especially of the sodium iodide (113,115'-
121,125',126,129,130;142). This crystal suffers only from being hygroscopic, 
but this is remedied by correct packaging (139). The crystal seems to have 
high efficiency for all types of radiation, to be transparent towards its 
own emission, which is in the blue-green and hence ideal for use with a 
5819 photomultiplier, and to have a pulse width less than one microsecond. 
:r/ork has been done comparing inorganic and organic phosphors for use 
with ga~ma radiation (143,145,147,148) and for ele ctrons (144,146). Anger 
(143) reports that for one m.e.v. gamma radi'ation, sodium iodide is about 
three times. more efficient 'th~n anthracene or stilbene and about ten times 
better than a typical Geiger counter. 
Rel~tively little use is made of organic crystals for alpha counting 
except for comparative studies~ Only six references are presented in the 
bibliography (149..,.154). Koski and Thomas (154) found that for the three 
compounds having a 1,2 diphenyldicarbon structure the more bonds linking 
the two carbons the more efficient the compound was for five m.e .v. alphas. 
Also, for five m.e.v. alphas, Bell ('149) obtained :fair counting over back-
ground with both maphthalene and anthracene, the latter giving pulse heights 
about five times the former. Furst (15'1) very recently extrapolated data 
by Taylor (20h,205) to show that the ener gy yield of anthracene for alphas 
is worse by a factor of 15 than for gammas. Furthermore, by two different 
experimental methods he determined that the energy yield of zinc sulfide is 
50 times greater than· that of anthracene, both yields for alpha excitation. 
Of the 31 references cited (155'-185) on alpha detection by inorganic 
crystals, most work 1-vas done with thin layers of zinc 'sulfide phosphors . 
The articles deal with various nethods of obtaining uniform, thin, trans-
parent l ayers and the testing of such scintillators wi th alphas. For example , 
Bernstein (156) wiped a thin film of sweat on a 5'819 and dusted on sulfide 
powder, blo~Qng off the excess. This detector counted with an efficiency of 
45% over a background of six counts per minute. Caldwell and Armstrong (15'7) 
dispersed the sulfide in alcohol and poured it into a cylindrical cardboard 
settling chamber held on top of' a 5819. The alcohol was then evaporated under 
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.· infrared. Best results were found for a film of seven mg. per cm.2. A 
< cou'!].ting efficiency- of about 90% was claimed. Davis (163) and Graves (166) 
have tested thin layers of sulfide deposited on a thin lucite window and. 
thEm prE)ssed in under a pressure of 2000 p.s. i. Large uniform pulses were 
obtained with an optimum thickness of about ten mg. per cm.2. Sherr (180) 
sprinkled sulfide powder on a 931-A, tapped off the excess and sprayed with 
dilute. lacquer solution. Larger activated sodium iodide c~stals were 
tested for alphas by Lovberg (173), Michaelis (174), and Johannsen (169) .. : 
Exqellent results are reported. Both Goldin · (164, 165) and Senftle (177, 
178) used the thin, .uniform Jpyer of ZnS which adhered t ·o the sticky si?e 
of Scotch tape. · 
I~ is natural that since several of the organic phosphors have received 
such ioJide acceptaoce especially for gamma. detection that they should be 
compared ,with the ' inorganic ' materials which are so efficient for alphas. 
Franzen et al. (193) show that whereas sodium and potassium iodide have a 
nearly linear-energy response for the betas, alphas, an4 p~otons used, 
anthracene is badly non-proRortional. They (192) further report that 
sodium iodide gives about four times the pu~se height of potassium iodide, 
but varies more with the type of particle. Apthra6ene gives about three 
times the pulse height of KI ·for be~as, about1 two times for protons and 
one~third for alphas. Al] values are per m.e.v~ of particle energy. 
Hofstadter (198) found that Nai(Tl) gave a better response to ·radium gamma 
and had a lifetime of less than ope microsecond. An int~resting experiment 
by Richards and Coles (202) demonstrated a fluorescence upder alphas but 
not betas or gamma for 15 elements and compounds when these substances were 
in th'e form of a film thin with respect to an alpha range. The nature of 
their data indicates a surface effect, quite possibly the alpha exit surface. 
Taylor et al. (205) gives many e~rgy loss curves for anthracene', stilbene, 
and Naiffl)under excitation by charged pa.rticles. It i::> seen that N.ii · 
response is linear above one k.e.v. whereas the organic c·ompounds ,. are non-
linear except for betas above 100 k. e. v. : Similar results are obtained by 
Taylor (204) .With differential pulse height maxima plotted against energy 
for the three compounds. The curves show ;that the pulse he:i,ght . response of 
Nai is about five times better than anthracene and about twelve· times better 
t~n stilbene for .prot6n, deuteron, and alpha excitation. Extensive · 
tables listing the physical and luminescence properties of 33 organic compounds 
and seven inorganics have been compiled (201). In a table comparing 12 
organic and inorganic compounds for different types of excitation, Kallman · 
(199) gives the alpha energy yield of .4% for naphthalene as compared to 1.7% 
for KBr(Tl) and 28% ·for ZnS(Ag). The remaining references in the group ' 
(186-205) deal with similar comparisons for organic and inorganic c~stalline 
phosphors. 
There are 31 references (206-236) on liquid scintillation.systems. These 
have all appeared within the last four years, It is well-known .that small 
amounts of an impurity in organic phosphors, for example naphthalene (194) 
.. 
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~~ll change its emssion spectra and light output, but even m9re striking is 
the effect of s mall amounts of solutes in non-fluorescing li'quids. Less 
than .1% of an impurity may increase the.solution emission by a factor of up 
to 100 (221). Work in connection with cosmic r ays, scintilla tion astronomy, 
and high energy gamma detection require~ large, clear stopping volumes of 
the phosphor.· This requirement is hard to meet with solid materials. 
Although there is 1-10rk by Bowen (not cited, but s ee (498), pp vii, 678) on 
photo.fluorescence in solution as nearly as 1939 and undoubtedly even before 
this, perhaps the first application to s cintilla tion measurements was that 
of Ageno (206,207). About 1950 Kallman (220-224) began a systematic, 
quantitative investigation of solution scintillators in terms of· energy 
parameters derived from his theory. The work was first don~ with gamma 
excitation and later extended to alphas (215), other particles (208,229) 
in9luding fast neutrons (213), and to X-rays (210). Kallman and Furst (224) 
tabulate the response of several hundred single-solute sys tems. The best 
solvents found were phenylcyclohexane (p.c.h.) and phenylether. The best 
solutes 1-1ere terphenyl,' anthranilic acid, d~phenylhexatriene (d.p.h. ), / 
Q-naphthylamine, and phenyl-a-naphthalene. Considering' its physical yield 
and emission spectra, d.p.h. is the best so1ute to use ·nith a 5819 system. 
However it absorbs its own radi ation strongly . The best 'sys tem examined 
fqr use vrith a 5819 was terphenyl (3 g. per L) and d.p.h. (.01 g. per L) 
in p. c.h. The high efficiency of t erphenyl was maintained with a shift of· 
its deep blue spectrum to the d.p.h. blue-green bands of d.p.h. and without 
undue absorption of the emitted light. ~This solution gave an integrated 
light emission of about five ti~es that of a one inch cube of anthracene, 
but the maximum pulse height readings were lower. While a fast decay com-
ponent ;,ri th life of about lo-9 seconds has been found f or most. solutions, a 
substantial contribution·from a relatively slower decay is indicated here. 
Reynolds (22 8) reported for terphenyl in m-xylene (10 mg. per 1.) a pulse 
height of .9 r el ative to an anthracene CrYStal. The excitation was co60 . 
gamma. Reynolds and HaTri~on (230) stated a concentration of terphenyl 
m-xylene of only J X 10-) (by we i ght) gave a pulse height a few tenthS that 
of an anthracene crystal. They also noted 'for solutions a significant shift 
in spectra towards the blue fr9m the spectra of the solute as a pure crystal. 
Yuan and Poss (235, 236) were able to localize cos 'llic scintillation events 
in a scintillation liquid by using two photomultipliers in coincidence; 
one at each end of the counter tube. The r elative delays in photon transit 
through the solution gave different pulse hei·ghts characteristic of the. event · 
location. 
Aside f rom 1-.ro rk wi.th Cerenkov pla stic scintilla tors ( 244, 246), which 
involve no added scintillation material, experiments with plastic phosphors 
have been performed only since apout 1~50. Thus, t his group of references 
(237-259) for,ms the ;Latest genera1. type of phosphor investigated. One .of the' 
fi rst investigations was that of Schorr and Torney (257). Three method.s of 
forming the polystyrene s·olid s elution were demonstrated; the best being to 
heat a mixture of styrene, '5% t 'o 10% scintillation material, and a small . 
quantity of catalyst. Pulse heights for col37 gammas were s tudied as a 
Q : • 
. ·
·~ 
• 
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function of concentration and tube voltage. Counting plateaus began at 5% 
to 10% concentration and voltages of 600 to 900 volts. Count rate· and pulse 
height for stilbene and terphenyl in polystyrene ·were compared with a stil-
bene crystal. All three extrapolated to the s~me total cou~ts, but the 
stilbene 1and terphenyl solutions had pulse~ heights of five arid 20, relative 
to the· stilbene crystal. A 5819 at dry ice temperature, , as well as a 
coincidence circuit was used. The pulse w:i,dths ·Here less than • 05 micro-
seconds. Koski (251) compares the count rate and 'spectra of 2% p~lystyrene 
solutions of stilbene and anthracene against the pure crystals. In each 
case •the plastic phosphor bias curves lie below the crystal curves. Again 
there is also the characteristic shift of spectra tolvards the ultraviolet. 
Carlson and Koski (240) investigated nine di~fe~ent organic compounds (2%) 
in polystyrene. Bias curves with a 5819 and, aobO gammas showed terphenyl to 
be superior, despite its emission in the near ultraviolet. Emission spectra 
are given for the solid solutions under X-ray excitation. Horwood and 
Eicholz (249) compared polystyrene solutions of anthracene, terphenyl and 
~ther in6rganic comPounds with crystalline anthracene, sodium iodide, and 
with liquid scintillators.' For the . plastic systems they foulfd no essential 
differences for what they termed ~isperse~ samples .and true solutions. 
Hornyak (248) used a pressure molding process with Lucite as t he plastic. 
(Koski (251) had previously reported no success with either Lucite or · 
Paraplex.) As a scLntillator ·Hornyak used ZnS(Ag) 1dth an average p~rticle 
size of 16 microns. The optimum concentration was 15%. The phosphor vorked 
quite well for .5 m.e.v. neutrons, 22% of which gave counts. An absol~te 
efficienty of 1.4% was claimed. The neutron bias curve was w~ll above a· 
1.8 m~e.v. garnrra bias curve 3 which was only slightly hir;her than background~ 
Pulses fr om betas and 3.5 m.e.v·. alphas :were barely above background • . The 
pulse lifetimes were all stated as being on the order of .l:microseconds 
with' some of a five microsecond component. 
• j 
The.re seem to be several good methods (260-293.) now in use for the 
measurement of very short time intervals, which is required for the i nvesti-
gation, of many modern scintillation materials. , The upper limit for accuracy 
on pulse times* thus far measured is between lo•9 and lo-10 seconds, e.g. . 
(263,267,272,274,282; also excellent work by J. S. Allen, AECU-996 (1951), 
not cited), the fastest being done by Phillips and Swank (2 82 ), using pulsed 
X-rays • . One of the first, fast lifetime measurements using the new scintil-
l~tion counter was the wo~k of Collins (262,263) and Elmore (3p3). The 
output of a 931-A was connected directl y to a microoscillograph (a fast . 
recording oscilloscope operating from a very small signal voltage input) •. 
*R. F. Post (284 ), considering present methods, sets an upper semi-theoretical 
limit of 3 x 10710 seconds, except for the possibility of shorter resolving 
times with Cerenkov radiation, providing a faster phototube is developed. 
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The fastest sweep. speed was .15 microsecond. , The 931-A itself had a response 
slower than 6 x 10-10 secof\d. The rise time of ' naphthalene, anthracene, and 
phenanthrene was about 2 x lo-9 seconds (both at room temperature and at 
liquid nitrogen temper...;. ture). The decay times we,re found as 57,..5, 13+2, 
9,..2 millimicroseconds, respectively. A second, fast lifetime method used a 
variable delay line (260,278,281,302,309-311) connected to the phtomultiplier. 
Count rates were taken as the de1ay was varied in such a way as to attenuate 
the input pulse. A third type of apparatus (272) employed a much old~r 
method. An' ultraviolet source shone through a quartz crystal vibrating at 
five megacycles in such a way that the light was modulated .at ten megacycles. 
The phase shift delay of the emitted light was then observed on a fast scope. 
The method was checked using mddulated 80 kilovolt X-rays. A method frequently 
used in connection with the countin:g apparatus is that of coincidences with 
variable delay (265,273,.274). The coincidence counts are plotted against the 
t~me delay and the results treated and c.orrected according to simple theory 
to derive a time constant*. Good work by J. S. Allen (prev. cited) and others 
(277,285) has been done by applying the fast scintillation .pulse through 
wide-band ampl i fiers to an oscilloscope . It is possible in this way to 
evaluate the resolving time of the el'eqtronic set-up and multiplier tube used, 
as Vlell : as the rise and decay timeS of thE! .scfntillation p~ls e . When the 
photomultiplier anode was pulsed at voltages u'p to 5000 vol-ts and the 
scintillation pulse f ed into an oscil l oscope a methocl (283,)14) was obtained 
which had advantages of very high gain and better .transient response, but 
the disad'vantage of uncertain photot,J.be characteristics. Shiren and Post 
(289) combined a coincidence pulse produced by an RCA~5819 photomultiplier 
tube with f pulsed 03lrA tuoe and delay line clipping. A resolving time 
of 2 X 10- 0 ~econds was reported. The resulting scintilla tion pulse was 
vi ewed on a . ~ont K-1032 oscilloscope, w~f5h pa~ an RC time ?f 6 ~ lo-10 
seconds. They obtained a value of 7 x 10 seconds for the lifetime of 
l ight pulses i n a thin stilbene crystal. They claimed that this value was 
the limit or ~tatistd.cal efficiency in the . crystal. ' , Kallinan (190,334) used 
a completely diffe rent method wherein the peak anode voitages for a pulse 
w~re determined for different load resistances. The , load resistance affected 
the time consta~t of the multiplier output circuit and hence the pulse shape 
could be de~~rmined. ,_ Inter~sting results were obta~ned. The time constants 
of 2.3 x 10 b and 8.8) x lo-t> seconds for anthracene{ and naphthalene under 
0 -excitation decreased by about 27% ford -excitation, whereas the lifetime 
of 6. 9 x lo-7' for stilbene increased by 4%. Inorganic compounds have lon~er 
decay times, the fastest being CaF2 .with .15 microseconds (275) and Nai(Tl) 
with .25 microseconds. The fastest zinc sulfide phosphors decay on the order 
of 10 microseconds. Such lifetimes 1-1ere easier to measure than those of the 
organic compounds. The lifetimes of several inorganic phosphors were measured 
by me chanical shutters. 
* It shoulq .be noted that any method not using an oscil l oscope necessarily 
lumps together the .' rise and decay times of the pulse. 
.. 
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Examination of the spectra references (294-301,498) shows the following: 
1. The ~mission spectra of solid and liquid phosphors are broad bands 
at room temperature. 
2. The emission spectra of solutes are shifted slightly. (100 i to 200 R) 
to the blue from the spectra of the pure solute, but remain characteristic 
of the solute. 
3 • . For ,several solutes, t ,he emission spectra will ordinarily be charac-
teristic of that solute having the lower energy bands. 
4. A phosphor may be more or less opaque to part or all of its own 
radiation. For• example, zinc oxide has two emissions. Thick layers show 
very ljttle ultraviolet emission, but the visible band is quite good. 
\ S. Phosphors tend to h~ve the same emission spectra for any type of 
excitation. 
6. Because of the limited ··spectral responses of available photomultiplier 
tubes and the variations among pho~phors with respect to both emission spectra 
and practical yields, one must frequently compromise among these factors to 
obtain the largest scintillation pu1se hei~hts. 
The following generaliza!tions are made for phosphors with regard to the 
variation in their decay times, spectra, and pulse heights as a function' of 
temperature (302-314). 
l. The 'effe~t of temperature is the same for different kinds of exci-
t ation. 
2. Energy yeilds t end to decrease for both organic and inorganic 
phosphors as the temperature is raised. 
' 3. The number of counted scintillation pulses of a given height may, 
go through several maxima ~s the temPerature is raised from -80°C, but dr,~ps 
steadily above about 10°C. 
. ' 4., . ~en the phosphor has multiple band structure, the emission shifts 
to the ultraviolet as the temperature is raised. For example ZnO emits in 
its ultraviolet and visible bands about equally at room temper ature, whereas 
at 250°C the visible yield is only about 18% of the total yeild. 
5. There is evidence of a slight shift towards the red (less than 200 R 
for 200° C) of both the emission and absorption spectra for some phosphors 
as the temperature is increased. 
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' 6. For pure organic c rystals the yield drops sharply to zero as the 
melting point is approac'1ed. 
7. In mixed crystals (solid solution) the temperature characteristic 
is determined primarily qy the matrix compound. 
8. The decay times of organic phosphors increase'with temperature. 
9. The decay time of Nai(Tl) decreases as the temperature is raised 
from 30°C. to 345°C. 
Sections P and Q (315-353) include recent interesting studies of 
phenomena a'dn to the study of phosphors for scintillation use, as well as 
fundamental related experiments which employ scintillation methods for investi-
gation. These two sections actually contain data which is used to shed light 
on the·energy transfer mechanism and to test prevailing theories in these 
age-old problems of radiation-particle and particle-particle interactions. 
Several of these effects will be discussed in later sections of this paper. 
Section R (354-388) of the bibliography represents a cross section of 
recent papers on the theoretical considerations of energy transfer in solid 
and liquid systems. It is not to be considered complete. For example 
Bayliss (356) gives 42 references, none of which are included in the present 
bibliography. Also there are no references here on energy transfer or quench-
ing' effects in gases. 
In Sections T, U and V (445.-506) of the bibliography are presen-ped 
general references, pertinent to the subject ·of this paper, on neutron 
physics, boric oxide, and miscellaneous references, including handbooks 
and tables. 'This materia~ will be referred to from time to time in the 
discussions which follow. 
Unfortunately, at the. time this paper was being prepared, Volume 10 
of Nucleonics was 'missing from the library and reference to this issue was 
imcomplete. qection W consists of articles from Volume 10 of Nucleonics 
which were listed .after it was returned £rom the binders. At first it 
was intended to include at this point an extensive summary, with tables, 
of the various physical and luminescence properties of typical liquid, 
crystalline, and plastic phosphors, with ref~rence to the different authors 
and the.ir methods of investigation. However, it became apparent as this 
project was undertaken that the irrelevancy and particularly the work 
invoLved in evaluation of the literature p~eGluded its continuation. 
Nev~rtheless it is believed that such comparison tables would be a real 
contribution to the understanding study of scintillation counting. This 
topic will be left as a suggestion for future work except Where such com-
parisons are discussed in connection with slow neutron counters in the 
next section. 
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B. Thermal Neutron Detection Methods 
Section S (389-444) involved an exhaustive search of the literature 
for slow neutron detection methods. Of the many articles on slow neutron 
spectrometry which have appeared in recent years, only . those few are pre-
sented which offer new information O);l neutron detection and counting. 
It is of historical interest to mention at this point that neutron 
effects were first noteq by Bothe and Becker in 1930 and the Joliots in 
1932. The nature of the particle was first identified in 1932 (50J). 
1. Certain ion-chamber counter types 
nhe work of Mitchell et al. (419) in 1935 is the earliest reference in 
the biblicfgraphy to slow neutron detection. They used boro111 powder suspended 
in aquadag and lithium foil as two types of lining for ionization chambers. 
The so~ce was Rn~Be embedded in a paraffin block of six em. radius. Curves 
of their results are given for slow neutron transmission through absorbers 
containing lithium, boron, or cadmium. 
In 1936 Locher (416) suggested the use of an activated silver cathode 
in a Geiger counter for slow ;neut~ons. Silver has an absorption cross 
section of 600 barns at .025 e.v. (453). The reaction gives off energetic 
radiations (490) , but which will give rise· to rather random counting be-
cause of the finite lifetime of the excited products. There is also a 
resonance peak absorption at five e.v. of 7500 barns (453). The method 
lends itself better to the determ:i,nation· of this higher energy slow neutrons·. 
In 1947 Koontz and Hall (412) designed a gas chamber for use ·either 
as an ionization chamber (D. C.) or as a proportional counter (pulses). 
Data .is g'iven for a fillin g of .5 atm. of nitrogen and 1.5 atm. 'of argon. 
Nitrogen has a neutron absorption cross section of about . 2 barns (490) and 
ejects .6 m.e.v. protons (412). 
A recent counter development qy Rohr et al. (423) employed a uranium-
235 oxide coa ting with an argon filling. It was used ·in the proportional 
region. Uranium-235 has a fission cross section of about 6oO barns (453) 
but only very thin layers could be used. The efficiency* was quoted in 
the range of .001 % to .01 % depending on the coating thickness. 
I 
2. Boron trifluoride ( BF 32 counters 
The earliest BF3 counter referred to here was that of Korff and 
Danforth (414). Copper cylinders~ seven to 40 em. long and one to seven 
*Throughout this paper the term efficiency relates the observed count 
rate to the rate at which particles enter the detector. · 
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em. in diameter, in glass enve.lopes, were used as the cathode and gas · holder. 
~ · c~mtered three mil tungsten wire served as anode. The filling was BF3 gas 
at a pressure of two to 20 em. plu~ argon at ·one em. pressure. An efficiena.y 
of .3 % w~s reported. 
I ' 
One of the first neutron velocity spectrometers, designed by Baker and 
Bache·~ (391) used a IF3 counter. They described the collection time was 
six miCroseconds for e1ectrons and 250 microseconds for positive ions. 
A BF3 counter designed by Segfe and Wi~gand (429,430) employed nearly 
IOO % geometry by using a closed end coaxi'a.;L chamber with . the source inside. 
The who~e unit was sunk in a paraffin b~ock. Artificial IF3 was prepared 
and found superior to tank EF~, giving a 2 % efficiency for a 140 em. 
filling, relative to the emitted neutron flux from a Po-Be source. The 
background was 15 pulses per rirl.nute. It was found that the efficiency 
varied as the speed of the source neutrons. 
Bistline (396) developed the theory of BF3 counters. The recovery 
time wa~ calculated at 20 microseconds. 
Draper (402) has calculated efficiency parameters for the · BF3 counter, 
t with detailed regard fo~ such effects as wall effect and the tendency of 
the cqunter to act as a neutron sink. The calculations were for a long 
coaxial chamber embedded in paraffin. 
Fowler and Tuqnicliffe (405) claimed to have developed a "high pressure 
counter". A 6o em. :aJ.Opo 3 .f~lling was used and the efficiency was reported 
as 60% to 100 _%. Unfortunately th~ir counters deteriorated after six 
months use unless specially treated. 
Pavalow et al. (422) used BF3 counters in balloons to study atmosphere 
neutron radia~io~ A transmitter relayed neutron pulse counts to observers · 
on the ground. An aver~ge neutron pulse was .01 volts with a decay time of 
10 micrqseconds. Smaller and faster pulses were discriminated aga~nst. 
Tongiorgi ~ &· (438) reported that the!y had built 62 counters with 
a filling of 101 em. BlOF3 over a three-year period: from 1948. They found 
the inclusion of argon gas unnecessary at this higher l3F3 pressure. All 
counters were extremely stable and reproducible during tne·years of use. 
They operated the counter at 3500 volts, just below the plateau region. A 
comparison table of ~F3 counters by five investigators is included. 
Pressures of BF3 rangea from 2000 to 4200 volts, and efficiencies of 9 % 
to 33% were listed. · The efficiency of their counter was 27 %. All values 
compared had been converted to an enriched boron basis. 
,.Goodwin and Mario (407) investigated the temperature dependence of 
boroin counters for counting neutrons from a Ra-Be source. It was found 
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that an increase in temperature affected ~~e neutron density and boron 
cross section so as to shift the larger neutron pulse height distribution 
towards the smaller gamma pulses. 
3. Boron-lined thermopiles and chambers 
21 
Barbaras et al. (392,393) designed a 42 junction thermopile for measuring 
thermal neutronfields. Each of the 21 "warm" junctions was coated with a 
thin layer of boron deposited from diborane. The method depended on the 2.5 
m.e.v. fission products heating the boron-coated thermoelements and thus 
developing a measurable voltage2 · They found that such a thermopile in a 
slow ne:utron field of 1012 n/cm -sec developed six millivolts, indicating 
a temperature difference of 7° C between the hot and cold junctions. 
Dodson and Russell (401) give three methods of preparing thin films 
of boron on tungsten and tantulum foils for use with an ion chamber. 
Although t his article was written in 1~44, it was not declassified until 
1946. Counting rate plateaus were obtained and it was claimed that the 
method was suitable for absolute neutron measurements. 
A ~ .48-page report by Kor~oriz et al. (415) discusses rather completely 
the design and testing boron-l~ned counter _tubes. Both normal and enriched 
boron types were developed. Efficiencies of .5 % to 10 % were obtained. As 
usual with gas counters spurious counts 50 to 300 microseconds following 
the neutron were eliminated by use of a quenching gas contaminant and 
electronic pulse shaping. The counters were operated at about 2500 volts. 
Lowde (417) designed a unique ~niature counter operating at only 70 
vol~s. fn efficiency of 24 % was reported. A series of .0005 inch nickel 
foil electrodes carried layers of BlO three microns in thickness. The 
chamber is seven em. long and has a sensitive volume of .4 cm. 3. A theory 
which was developed for the counter was checked qualitatively by experiment. 
4. Photographic measurements 
I 
In one of the earlier references fn slow neutron detection Burcham and 
Goldhabe.r (398) counted tracks from N1 fission. Demers (400) and others 
(431) used lithium or boron loaded emulsions, finding ,the longest tracks 
with lithium,. but more tracks with boron. Yagoda and Kaplan (440,441,411) 
used lithium borate loaded emulsions. They rep~rted the cosmic slow neutron 
flui at sea level as about 230 neutrons per em. -day and greater at higher 
altitudes. As a consequence on-the-spot loading of emulsions for neutron 
detection was recommended. 
Blau (397) classified neutrons according to their energies: 
fast; greater than 10,000 e.v. 
slow; 0 to 10,000 e.v. 
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~pithermal; .3 to 10,000 e.v. 
thermal; .01 to .3 e.v. 
cold; less than .01 e. v. 
He tested various types of emulsions for the various energy regions, comparing 
with a standard B10F3 counter. The photographic method was found to give 
superior results, although more laborious. 
Milatz and others (418,404) developed equipment for electronic scanning 
of nuclear plates and greatly reduced the inconvenience of the photographic 
method. 
Beiser (394) in an excellent review article discusses many types of 
nuclear particle investigations by photographic. Your author first found 
refere,nce to the boron fission energies in h:i:s paper and was also able to 
use several of the references to complete the present section of this paper. 
5. Activation measurem~nts 
This method now forms the basis for two standard laboratory radiochemistry 
experiments: one, the activation of lithium. foils and the other by use of 
potassium permanganate with the subsequent determination of Mno2• Although 
there are undoubtedly many older reports on such experiments, the three 
papers in this section represent new considerations with particular emphasis 
on eliminating second-order errors. 
I 
The method by Wilkinson (439) gave 1 % accuracy in comparing sources 
with similar energy distribUtions. The device consisted of coaxial manganese 
cylinders with manganese pmroer pressed into the annual space. This tube 
was placed around the source in the moderator. After activation th?6tube 
was removed and clamped around a Geiger counter for counting the Mn7 
activity. 
The papers by Tittle (436,437) discuss corrections to be applied to the 
gross count from the indium foil method. Particularly, equations and curves 
are given for the ,corrections of foil thickness (self-absorption of radiation) 
ahd the presence of cadmium (depletion of neutron field). 
6: Scintillation methods 
By far most investigators in recent · years of slow neutron detection 
methods reported on scintillation techniques. All but one--that of Sun and 
Shoupp (434,435)--use either the boron or lithium reaction. The methods 
group naturally into three classes: neutron absorber mixed with inorganic 
phosphor (usually ZnS), crystalline LiX(Tl) phosphors, and use of organic 
scintillators. 
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(a) Inorganic phosphor mixtures. Marshall and others (3,26) reported 
the use of a mixture of powdered boron salts with Pattersor1 D phosphor* and 
sprayed in a lacquer base onto a 931-A photomultiplier tube. They state that 
H.-K. Sun initiated this technique and was in charge of its development at 
Westinghouse laboratories. 
Moon (175) classified many natural and artificial minerals according 
to their scintillation properties. He found Cawo3 excellent, having a 
response for charged particles which was better tnan ~h~t of a Geiger tube 
by a factor of 125. He suggested the use Cj>f admixed boron compound and 
scintillator crystals for slow neutron detection. 
Sun and Shoupp (434) fi?st reported their uranium neutron counter in 
1948. A small amount of u23~ was mixed with powder~d ZnS phosphor in 
polystyrene dope and coated on a phototube. This w~s put into a metal tube 
and surrounded by a two inch layer of paraffin for slowing neutrons. The 
resolv~ng time was reported as ' 10 microseconds §.!ld '5o times faster than a 
Geiger tube. It may be noted here that the (u23~ ~ n) fission produces 
about 200 m.e.v. but has the disadvantages of relatively lo~ cross section 
and production of radioactive offspring. In (435) ~Sun and Shoupp gave 
integral bias curves for similar type phosphors using Patterson D mixed with 
Th02, uo2(N03)2•6H2o, or B203. They reported here that their first qualita-
.tive tests with the latter mixture were made in April 1947. The article is 
clearly written, but < it seems that most of the results reported there were 
for fast neutrons. . 
, Alburger (389,390-'*reported a slow neutron detect8r with 30 % efficiency. 
RCA phosphor 33-A-20A · was mixed*** with 400-mesh B2 o3 in an optimum ratio 
of five to one and spread uniformly on a 5819 photomult1plier window. The 
phosphor mixture was covered by an aluminum reflector. Using a collimated 
neutron beam the phosphor response had been studied as ~ function of ratio 
and thickness. The optimum thickness was 70 mg per em •• 
(b) Li(Tl) phosphors. Hofstadter (198) during his investigations of 
of Nai(Tl) seems to have been the first to suggest the use of lithium halides 
for slow neutron detection. Yamakawa (443}, referring to Hofstadter, des- . 
cribed a mixed crystal LiBrAgBr (1:4 ato¥1 ratio). The size was about one 
cm.1. Actually the crystal was used as a crystal detector for slow neutrons 
rather than as a scintillation counter. A voltage of about 2500 volts was 
*ZnS(Ag) prepared according to a certain patented recipe. 
**Another ZnS(Ag) recipe 
***This phosphor mixture may be similar to G. E. thermal neutron phosphor 
No. 9776095G4 for which an efficiency of 25 % ~s claimed • 
• 
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put' across parallel f!.ces. MaXimum pulse heights obtained were about 70 
volts. An efficiency of $ % was reported. Two years later Hofstadter used 
Lii(Tl) ·crystals to count slow neutrons. He reported a one em. natural 
crystal as having a capture efficiency of 60 %, a blue~green fluorescence 
with a lifetime of about 1.2 microseconds, and pulse heights about .1 
those of Nai(Tl) for equal energy of ionizing particles. (Nucleonics (201) 
reported Li(Tl) as having a response abo\].t half that of Nai(Tl) crystals). 
Bernstein and Schardt (395,426) did much work with single and mixed 
crystals _ of Lii. Their attempts to introduce thallium produced non-uniform 
activation. They had better success with SnC12 activation. The slow 
neutron pulse heights were never 'larger than tlie pUlse heights of a .5 
m.e.v. gamma in a Nai(Tl) crystal. Their energy references for all measure-
ments were those gamma energies which produced the same pulse heights in 
an equivalent Nai(Tl) crystal. 
Schenk and Heath (428) reported the best of their lithium salts of many 
tested. It was Lii activated with about .1 mole perc~nt of Sni2• The 
crystal had an excellent signal to noise ratio and presumably had a counting 
efficiency about as great as its absorption efficiency. The pulse shape as 
viewed on a scope was reported to be exponential with a decay time of • 7 
microseconds. The energy resolution and linearity seemed good, allowed a 
calculation of 4.5 m.e .v. for the lithium reaction Qs the known value 
being 4.8 m.e.v. The electron efficiency of this Lii crystal was reported 
as .04 as compared with an equivalent Nai(Tl) crystal. Presumably this was 
calculated from the response of the crystals towards the .66 m.e.v. gamma 
of csl37, a1d so indicates a good neutron response in the presence of gammas. 
Schenck (427) reviewed many of the 300 lithium compounds prepared, which were 
mainly silicated, titanates, zirconates, stannates, phosphates, and tung-
states. The compounds were first tested in powder form. The concentrations 
of impurities, intensity of luminescence under ultraviolet and alpha exci ta-
tion, and the decay time are listed. Li2Si20dTi) was found to be very 
efficient, but had a decay time of about 200 lfli.croseconds. The zirconates 
required no activation and showed strong emissions, but had such high 
melting points that it was impractical to make single crystals. With regard 
to the tin activation mentioned above, it was found that LiBr could be 
activated in the same way as Lii. The decay time of LiBr(SnBr2 ) was 1.5 
microseconds and the energy resolution 27% as compared to 15% for Lii(Sni2). 
(c). Organic phosphors. Schenck (427) also reviewed his work with 
trimethyl borazol. He found that it polymerized rapidly, except when diluted 
to 10% with xylene. A small amount of terphenyl gave good fluorescence 
with little quenching on account of the borazol. However the alpha 
efficiency was quite low. Another i nvolved making a polymerized mixture of 
borazol and ZnS. The resulting solid was crushed and coated ont:o a photo-
tube, giving a 15% to 20% count efficiency. 
Draper (403) compared two methOdS. One was a thin layer of powdered 
B2o3 in a terphenyl-toluene liquid scintillation system; the other, Lii(Tl) 
• 
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crys~als. The neutron source vms seven millicuries (m.c.) of Po-Be. The 
source and counter were enclosed in paraffin. It can be shown from the data 
quoted t~at for an intermediate discriminator setting the signal-to-noise 
ratio for the liquid system was t wo as compared to 1.2 for Lii(Tl). The 
noise count included all types of background not removed by a B4C shield. 
In bo~h cases the counting efficiency was reported as SO % for a counter 
thickness of one neutron mean free path. The author stated that B203 hadn't 
dissolved, that it effected no quenching, and that with molecularly dissolved 
boron compounds quenching was observed. The LiT crystals had been prepared 
by dehydrating Lii•JH20 in vacuo. 
Zolingen and Went (~44) investigated the compound B(C1gHz)3• They obtained 
a sample slightly yellow with a melting range of 203° to 2 S C. The liquid 
when cooled quickly forms a glass which can be converted back to crystalline 
form by heating above 50° C. Both forms under nltraviolet gave a blue 
fluorescence of about the same intensity as an anthracene crysta.l. Using a 
1P21, a discriminator, and a 100 m4c. Po-Be source, integral bias curves 
wer~ obtained. A plot of the ratio of neutron counts to gamma counts is 
shown for different bias voltages. The curve shows a broad maximum for 
intermediate discriminator settings. 
MUelhause and Thomas ' (22S,420,h21) have investigated the use of 
methyl-, ethyl-, and butyl-borate in scintillator solutions. A concentration 
dilution effect was observed, but there was no quenching. The best terphenyl 
recipe involved equal volumes of methyl borate and phenylcyclohexane as co-
sol vents. The primary scintillator was terphenyl at four g. · per 1., with 
the auxiliary compound diphenylhexatriene at eight mg. per l. A system 
which gave 30 % larger pulse heights (but had more ~xtraneous atoms and 
smaller density) vms equal volumes of the co-sol vents with h g. per 1. of 
diphenyloxazole and 16 mg. per 1. of diphenylhexatriene. Comparison of 
these liquid counters with a thermal neutron flux' m~ter showed an efficiency 
of 100 %. Using a collimated and an annular BF3 counter in conjunction with 
the liquid cells showed an absorption efficiency of 90 % for neutrons. 
Consideration was given to the theory of operation of the counter and to 
interference from gamma radiation. It was found that about 2 % of the gammas 
present would be counted. The mean capture life for slow neutrons was· 
stated as 2.2 microseconds in the normal borate and .42 microseconds in 
enriched borate scintillator. 'Presumably this is the average time difference 
from entering the cell until capture. 
7. Review articles and miscellaneous 
For neutrons, Korff (413) deals primarily with Geiger counters. He 
states that 10 % argon lowers the starting voltage. The recovery time for 
either internal or electronic quenching is given as about 100 microseconds. 
He reports that many experimenters found a troublesome temperature dependence • 
*Brown and Sujishi (483) five years earlier gave several recipes which 
they reported as convenient for the preparation of this compound in good 
yield. 'White, stable crystals were obtained. 
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One of the most comprehensive articles on scintillati on counting of 
neutrons was that of Hofstadter (408). He mentions use of several kinds of 
crystal conduction counters, recoil counters, and ·capture- y counters. He 
tried a Cd sheet with an Nai(Tl) ·scintillation counter. He mentions trying 
without success except the l ast: Zhl320h, LiCl(Tl), Nai.(lO % LiCl) (Tl), 
Nai(l % LiCl) (Tl), Nai(lO % H3Bo3 ) (Tl}, Nai + N~B407(Tl), and B203 + ZnS(Ag). 
Impurities made the disks opaque, Li compounds _absorbed H20, boron compounds 
combined and cracked the quartz. An efficiency of 1 % was reported for the . 
first. His lack of success in so many attempts is particularly interest i ng 
since-within four years he himself managed to produce working counters with 
several of these methods. 
Siri (433) briefly reviewed the theory anp use of boron proportional 
counters as do Curran and Craggs (399) except that the latter consider 
operation in the Geiger region. Sargent (42.5) principally surveys boron 
chambers and foils for slow neutrons. Sachs (424) is a lengthy bibliography 
with many short abstracts, but of course not including any articles beyond 
early 1951. 
As a contribution to this field, General Electric Company, in April, 
1951, began advertising a thermal neutron probe with the following specifi-
cations: 13 inches long, 1.75 inch b~ameter) phosphor, preamp in handle, 
and ten times the efficiency of a B1 counter. 
V. CRITERIA AID COMPABISONS OF SLOW NEUT:OON COUNTERS 
Twenty-one criteria are pre~ented and briefly discussed. A comparison 
chart for the four methods of neutron detection is given. It is seen that 
the scintillation detector has many advantages. A boric oxide detector 
system is dis cussed in light of the criteria. 
A. Criteria 
1. Convenience and economy in construction and operation 
(a) Vo:Ltage. The unit .should use low voltage supplies in order to 
minimize cost, bulk, and hazard. 
(b) Construction. The apparatus and detector should admit of ·routine 
construction by shop personnel or laboratory technicians. 
(c) Qp~ration • . The average research or industrial technician should 
be able to obtain results. 
. (d) Readings. Readings should be obtainable quickly and continuously 
without involved calculations. 
.. 
... 
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(e) Expense. The cost of construction of the detector and associated 
apparatus as well a,s maintenance and operating expense should not be exorbitant. 
(f) Materials. Easily obtaihable materials should be used throughout • 
(g) Size. The unit should be compact and easily movable for use at 
another location~ 
2. Sensi ti vi ty 
(a) Absorption efficiency. The detector should absorb ·a large fraction 
of entering neutrons. 
(b) Conversion efficiency. The detector should have a high conversion 
efficiency with regard to the available energy in the neutron reaction. 
(c) Signal-to-noj.se ratio. The detector and rounting device should 
have a high signal-to-noise ratio in order that a small neutron flux may be 
rreasureQ.. 
3. Reproducibility 
(a) Stability. The apparatus should be stable and predictable in 
operation and free from spurious response. One should be able to build a 
similar set-up and get similar results. 
I 
(b) ,Aging. The apparatus should not decrease in sensitivity over a 
period of months or years. 
(c) Temperature. The eystem should be temperature independent or 
have only a small, easily made temperature correction. 
(d) Voltage ftuctuations. The apparatus should be insensitive to 
line voltage fluctuations. 
(e) Discrimination. In order that the results be reproducible the 
apparatus must discriminate against other radiations, particularly gamma, 
and against apparatus noise. 
J ' (f) Stray fi,elds. The appctratus should be insensitive to line static, 
stray electric and magnetic fields. Shielding against these effec{s should 
be easily accomplished. 
4. Accuracy 
(a) Statistics. A large fraction of the neutron flux should be counted. 
A high detection geometry is desirable in this respect. The detection 
-28 ISC-497 
apparatus ·should respond inunediately to the presence of a neutron and be 
ready to record an event immediately following; i.e., instantaneous decay 
time with no dead time. · 
(b) Sink effect. This is an effect frequently overlooked in neutron 
counting, but is partieularly troublesome in introducing seconda~ errors, 
especially since it works at odds with desirable features such as high 
geometry and h:i.gh deteqtion efficiency. Inas!lRlch as the only known neutron 
detection methods llRlst absorb: the counted neutrons, the detect0r acts to 
reduce the neutron flux in its vicinity and ~a lesser extent affects the 
entire neutron field. On account of the sink effect, the detector may also 
act to give a measured neutron field different from the operating neutron 
field. Corrections for the sink effect involve difficult calculations. 
(c) Standard. It is desirable to have the method sufficiently accurate 
that it may be used as a pri'mary or secondary standard. 
5. Versatility 
(a) ' Other neutrons. If possible the system should permit measurement 
of epi-thermal neutrons with good energy resolution. 
(b) Other radiations. It is desirable that the counting system can be 
adapted to measurement of other radiations by s:j..rnple changes in the detection 
system. 
(c) Spectrometry. It is desirable to be able to meas~ne particle energies • . 
B. Comparisons 
From ,a comparison of the properties of the four important types of slow 
neutron counte:rs the following table is obtained. The horizontal I"ow represents 
the methods and the vertical column represents the criteria just presented 
in Section A according to the corresponding number. The rating symbols in 
Table 1 are as follows: I is ideal, G is good, F is fair, and P is poor. 
With regard ·· to the rattings the following is noted: 
I 
1. Where . two symbols appear . there is a range t:orresponding to the 
particular detector and the associated equipment. 
' 
2~ Expected and reasonable development and limitations a;r-e taken into 
account' in the 'ratings. 
3. The associated equipment is taken into account. 
4. .The gas chamber heading includes several types, but 'principally 
the BF3 type and boron.lined type are rated. The associated equipment is a 
high volta:ge supply and a scalar. 
,, 
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5. The activity method--usually indium foil--requires ,,a gas chamber 
or scintillation counter for measuring the 'indium activity induced by neutron 
absorption. 
6. The photographi~ method requi,..es an expensi~e 1microscope; operated 
by an experienced technician, for scanning the particle tracks. 
Table l 
Comparison of Detection Criteria 
Para. Criterion Gas Activity Photo. Scint. 
Chamber 
l. (a) Voltage 2500 2)00 I 1000 
(b) Construction P-F G P-F G 
(c) Operation G p p G 
(d) Readings G p p G 
(e) Expense $700 $500 $500 $1000 
(f) Materials p G F G 
(g) Size F F a· F 
2. (a) Absorption eff. .002-o5 .l ol .5-.99 
(b) Conversion eff. l l l .001-.2 
(c) Signal-to-noise F~G G F-G F-G 
3. (a) Stability F-G G F F 
(b) Aging p F p G 
(c) Temperature F F-G F G 
(d) Voltage flue. F-G F-G I · F-G 
(e) Discrimination P-li' G G F 
(f) Stray fields G G G F-G 
4. (a) Statistics p I G G 
(b) Sink effect P-G P=G P-G P-G 
(c) standard Sec. Prim. Prim. Sec. 
5. (a) Other neutrons p G G G 
(b) Other radiations G F-G P~F F-G 
(c) Spectrometry p p G G 
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7. Wherever possible to put in the small space, a quantitative estimate 
will be used. All fractions are relative to 1.00 as being 100 %1' , 
c. Discussion 
By a straight point rating with all criteria equa+ly weighted the 
scintillation method gets 36; photographic, 31.5; activity, 30.5; and gas 
chamber, 22.5. However, if quick readings,. ease of operation, and resolving 
time are weighted according to the usual requirements, the scintillation 
method compares even more favorably~ It remains now to mention the 
detector material 'in more detail. An important criterion is that the ~terial 
.Strongly absorbs neutrons. Lithium and boron are the two common eleme.nts· 
with high reaction cross sections, normal boron being about ten times better 
in this respect. 
. It has been known for some time that boric acid can be heated and 
cooled to give a clear, colorless boric oxide glass. Small amounts of 
phosphorescent organic materials have been dissolved to give clear glasses 
with luminescent properties preserved. Kasha (475) has given instructions 
for fabricating such glass strips. It has been previously indicated that 
anthracene is one of the best organic materials. It should be possible to 
dissolve small amounts of this material in boric oxide and form .a vitreous 
system wherein anthraQene sc~ntillations would be produced by some of the 
2. 5 m. e. v. from the BlO ( n, a, )Li 7 reaction of the base material. 
~the time this study ~as undertaken the oonve'"rsion efficiency* 
for .such a system was unknown. H0wever, the availability of materials, the 
high neutron cross section, and the apparent simp~icity of production and 
use lead to the further investigation of this system. 
VL ·THEORETICAL DISCUSSION 
A new theory is outlined with some qualitative conclusions listed. The 
theory is then specifically applied in some detail to an anthracene-boric 
oxide system. 
A. A New 'fheory for Phosphor Energy Transfer 
Kallman (19) has listed the electron volts of alpha energy expended 
per photon in several phosphors: ZnS(Ag or Cu), 10; ZuO, 110; naphthalene, 
960. The following ratios have been observed where E is the conversion 
efficiency or quantum yield for the phosphor. 
,,· 
*The conversion ~fficiencies are considered in more detail in the sub-
sequent theoretical Piscussion. 
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L Liquid solutions. Ei to Ett.» 40 to 1 (225). 
2. Plastic solutions. E1" to Ea.. 11 ca. 50 to L 
3. Organic crystals. Ey to EC(, ~ 15 to 1 (151). 
4. Inorganic crystals. Ey to E« ~ .5:..,5 to 1 (19). 
5. For Ea: inorganic to organic .9 ca. 50 to 1 (199 151). 
6. For E~ of naphthalene: microcrystal to crystal, 3 to 1 (19)o 
7 o For Ey of solids; lo'v- temperature: suspension to solution, 1000 
to 1 (376). 
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8. For Ey of crystals: both inorganic and- organic,.,. 5 % to 15 % (19) o 
A theory will be suggested to qualitatively explain some of these effects. 
While the theory is sufficiently general~-perhaps by virtue of being sufficiently 
vague--to be applied to any of these systems ~ it will here be used mostly in · 
connection •nth solid boric oxide solutions. 
Consider an ionizing radiation penetrating a phosphor material, say a 
sol.id solution of anthracene in boric oxide glasso The radiation may be either 
completely or partially absorbed. It will have a range R which ~~11 be less 
than or equal to the material dimensions. The radiation path is the locus 
of N primary collisions. We consider an effective total excitation volume 
composed of excitation spheres ,:~ each of Volume V. The center of each sphere 
is determined ~J secondary ionization plus other energy transfer, including 
reabsorbed radiation. ' 
The energy transfer processes may be described by a quenching curve 
which is a plot of excitation energy in the material against distance from 
the pri~~ry event. The shape of this curve depends on the energy and type 
of ionizing radiation and on the molecular array of the phosphor material. 
The curve is expected to be monatomic decreasing with distance except that 
there may be one or more maxima.:~ particularly near the primary event. 
The energy threshold is defined as that lovlest energy which when 
transferred to an active center* will result in photon emission from the 
material. The farthest iriterse.ction of the quenching curve with the horizontal 
threshold level gi ves the parameter r ; the radius of the excitation sphere. 
Within this iaverage ) excitation sphere there is a number or fraction 
of photon centers designated qy m. Of these m centers a fraction f will be 
*An active or photon center is here meant to be any molecule or smallest 
molecular array wluch 'dll emit photo~s of energy two to three e.v. when 
excited. · 
32 ISC-497 
energized and emit. Then the total number of photons emitted is proportio~ 
to the product of the three quantities N, m, and f. Similarly, using the 
density of active centers per unit volume, designated by n, the ph,oton 
emission is proportional to the product of the four quanti ties N, V, n, and f. 
The excitation sphere is to be transformed into a probability sphere. 
The excitation volume of the sphere is normalized so that with the prevailing 
quenching and center concentration exactly one photon center will be energized 
by the normalized excitation sphere. For this concept the probability of 
emission is directly proportional to the number of such spheres and inversely 
proportional to the volume of the probability sphere. The volume of this 
sphere is actually the reciprocal product of m and f as defined. 
The theory will not be applied to compare the conversion efficiencies* 
for alpha and gamma radiations in the vitreous system, anthracene and boric 
oxide, For specificity the phosphor is assumed to be a disk .2 em. in 
thickness and four em. in diameter. Either radiation is to enter the 
material with 2.5 m.e.v. The excitation spheres will be used directly 
rather than the probability sphere concept. 
For non-ionic materials there is a sma~ler amount of energy transfer 
beyond the region of secondary ionization, although there may be considerable 
non-electron transfer within this region. There is no reason to believe** 
that the transfer in boric oxide systems is less than in many liquid or 
plastic systems, or than in crystals. It will suffice as an estimate to use 
the spheres of secondary ionization for the excitation volumes. The subscripts 
1 and 2 refer to alpha and gamma radiation.. In the discussion E is the 
conversion efficiency. 
Because of the high specific ionization of alpha particles the excita-
tion spheres are considered to define a total cylindrical excitation volume. 
The length of the cylinder (R1 ) is t~e alpha range and the radius (rl) is 
the mea~ range of the sec~ndar.y e1~itrons. Then the excited volume (V1) 
is 1( r1 R1 and lh ~kr1 R1 n1f 1 • . 
The geometry of gamma excitation is somewhat more complicated. 
Primary energy paths are zigzag lines. The predominant energy loss for 
2.5 m.e.v. gammas is Compton scattering. The Compton electrons, some 
with high energies, act to produce primary-type collisions. For the present 
*The quantum yield or conversion efficiency is the ratio or percentage 
of absorbed energy which appears as low energy photons--2000 R to 10,000 R. 
**It is apparent from 1vork that has been done that considerable transfer 
of energies less than ionization may occur if the host material has probable 
electronic levels near the scintillator absorption levels. Boric oxide 
shows little absorption down to 2000 ~. · 
***k is a proportionality constant. 
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approximation the average number of ion pairs is taken as the number of 
excitati o~ spheres. The radius of each spherfl is again taken rs the mean 
range of the secondary electrons. Then E2 = j i(kr23~f2N2F2 - where N2 
is the number of excitation sphere,s anrJ F2 is the fraction of gannna energy 
absorbed. Friedlander and Kennedy (p. 169) give the Compton half-thickness 
as 16.7 g. per cm.2 for 2.5 m.e.v. gamma. Using an exponential law it is 
found that in the 2 mm. disk an average of about 2 % of the gamma is absorbed. 
For N2, Friedlander and Kennedy (p. 166) stated that the specific 
ionization of a 2.5 m.e.v. gamma wa s 1% of that for a 2.5 m.e.v. electron. 
From their table (p. 157) it is seen that this is 1 % of 40 centers per em. 
of air or about 110 centers for the 2 mm. phosphor disk. 
Extrapolating the electron curve in F and K (p.164) to 150 e.v., the avera~ secondary electron energy for the alphas, gives a mean range of 10-7 
cm.(r1 ). The average energy for the g7mma secondary ionization is about 
500 e.v. with a range of about 4 x 10- em. ' These distances were checked 
qy assuming an aver~ge loss of 35 e.v. per molecule and an average molecular 
diameter of 3 x lo-tl em. · 
Since n1 is equal to n? and the excitation spheres are set up so that 
f1 is about equal to f 2, tMse four quantities cancel in the E to ~ ratio. 
Further substitution in the equations for this ratio and calcufation gives a 
value of 47. This means that with the boric oxide phosphor disk as described 
·above the relative efficiencies. for garn.>na and alpha radiation should be in 
the ratio of about 47 to ~· This is the same order of magnitude as for 
liquid and plastic solutions. 
Some qualitative conclusions may be drawn from the excitation or 
1' probability sphere concepts. he following applies especially to vitreous 
boric oxide phosphor systems. 
1. The quenching curve goes sharply to zero beyond at aut 10 e. v. 
2. Emission efficiencies in general will be higher in those cases 
'where there is substantial energy transfer. Vitreous boric oxide systems 
are expected to shmv little energy transfer arid should have lmver conversion 
efficiencies. 
3. For a base material containing boron, boric oxide is at the bottom 
of the efficiency scale. The order of increasing efficiency should be: 
vitreous organo-boron compounds containing multiple bonds, crystalline 
organo-boron compounds, ionic boron compounds. 
4. For the vitreous boric oxide system only that energy transferred 
directly to the active center from the excitation will be useful in emission. 
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.5: For true solutions the gamma to alpha efficiency ratio should be 
only slightly influenced by the nature of the active center. 
6. Except for concentrations above about one percent, the quenching 
curve is little affected by the ·concentration factor n. 
7. The conversion efficiency should be directly proporti?nal to the 
concentration. Therefore a high concentration of active centers is desirable. 
s; ~or true vitreous s¢!~tions, active materials with·shorter inherent 
lifetines should give only slightly higher efficiencies. 
9. The lifetime of the center should be more important in those 
solutions which exhiblt more energy transfer. Phosphorescence studies with 
boric oxide systems indicate only slight vibrational and kinetic quenching 
of . the excited photon center. 
10. The efficiency for alphas should be relatively independent of the 
energy. 
11. The efficiency for gammas should be somewhat a funct i on of gamma 
energy as well as dependent on the phosphor thickness--i.e. the energy of 
the primary electrons. 
12. For vitreou¥ systems, solid suspensions of active centers should 
give higher efficieneies than solid solutions. This effect will be greater 
where there is more energy transfer through the solvent. 
13. There Will be an optimum concentration and crystal size of the 
suspended material. 
14. A close match of indices of refraction of suspended centers and 
boric oxide is desirable. 
B. Detailed Theory of a Neutron Detector 
It is desired to design a convenient scintillation system which will 
adequately detect and count slow neutronso This theory has been developed 
for a scintillation system with the following specificationso 
The neutron absorbing material is boric oxide. 
Ant~racene, ZhSi04(Mn)--P1, CaW04(W)--P~,ZnS(Ag)--P7,znO(Zn)--P1.5-­
will be considered for scintillation materialso 
There is no energy transfer from boric oxide to scintillator molecules. 
*It should be mentioned in this connection that the measured lifetime 
is dependent on several environmental factors. 
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The scintillation disk is a solid solution or suspension vdth particle 
less than twice an alpha ranee (ca •• 002 em.). 
The photo detector is a 5819 photomultiplier tube with associated 
electronic apparatus. 
A collimated neutron beam enters the disk perpendicularly. 
l. The thermal neutron properties of the B20J disk 
Thermal neutrons in matter have a Ma.JC\<rell distribution (446,453) with 
an energy maximum in the range .025 to .OSO e.v. The equation (490) for 
collimated neutron absorption in a material is: 
=nS(E)x 
e • 
Ix is neutron flux after traveling distance x. 
Io is impinging neutron flux. 
S(E) is total neutron cross section in cm.2 
n is number of targ~t nuclei per cm.3 
x is tar get thickness. 
E is energy of neutrons. 
The absorption coefficient (k) is given by the product of n and S(E) and 
will not be calculated. 
Hughes et al. (453) show a cro:r.ssection of 60S barns* for ·38.8 e.v. 
neutrons*'A- inthe natural-~18,.8 % B/0=-element. , Rainwater and Hav'ens (464) 
found that SB = (118+4) x lo~c4 E=l 2 cm2/atom holds from .01 to 100 e.v. 
Then cfB : 600 bar~ (300°) for the ' natural element. The 6o"o barn value 
will be used in the calculations to follow. This is 6.0 x 10~22 cm2/atom, 
corresponding to a thermal energy of .0388 e.v. 
n : .2 X density X N ~ 2 X 1.83 X 6.02 X 1023 
molec wt. 69.6 
= 3.16 x 1022 atoms B per c~ 
Then k - 6.00 x 3.16 = 19.0 cm=1• Table 2 lists the thickness 
of B203 corresponding to various absorptions. 
*l barn • lo-24 cm2• 
**E(300°k) = ~ kT = ~x 8.62 x 1o=S x 300 ~ .0388 e.v. thermal energy. 
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Table 2 
Neutron Absorption by B2o3 for Different Thicknesses 
Thickness (em) 
kx (no units) 
% Absorption 
.366 
6.95 
99.9 
• 242 
4.605 
99.0 
' 
2. The ion and electron ranges 
.121 
2.3 
90.0 
I 1.39 
75.0 
.036 
.69 
50.0 
.005 
.10 
10.0 
Beiser (394) states that the fission alphas have an energy of 1.6 m.e.v. 
and the Li' s an energy of • 9 m. e. v. The alpha range wa,s 7 u and the Li "very 
short11 • 
The ranges of these particles are determine~ qy the B2o3 • For example, 
in the alpha case, the range in .5% impure B203 is less than 3% smaller than 
the range for ~03 alone. The calculations below follow Friedlander and 
Kennedy (490, p. ~52). · 
(a) The alpha range. 
X 1 
molec stopping 
power of ~03 
sn = 0.563 Zn 
-i'Zn+lO 
s = £an sn total 
Zn 
' I 
R. X 
a1r 
= atomic 
an = no. of atoms of n in molecule 
no. of atoms air/cc 
no. of mo1ec B203/cc 
.001226/14.4 
1.83/69.6 
charge on atom n. 
Then SB 0 = 2 3 
+ 3 s0 = 
= 1.45 t 3.18 = 4.63 
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.563 X 2 X 5 
" 5 -9- 10 i 
Rair (1.6 m.e.v.,a) = .80 em • 
• 00070 Rair 
= .00056 em. 
'1' 3 X .563 X 8 
,; 8 .q. 10 
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The alpha and electron ranges other than those calculated were obtained from 
graphs and data of Range-Energy Curves (479). 
(b) The lithium r ange. The lithium r anee may be determined by a 
correction on the appropriate alpha range (479). 
= mLi Z~ 
rna zf.i 
where m = mass of particle, 
Z = charge on ion. 
x .9 m.e. v.) 
From (490, p.l$S) we find that only the more loosely bound electrons of the 
fission fragment are lost . The binding energy of the electron j ust barely 
retained is given approximately by 
~ = E of fragment x( Me ) 
. Hfrag 
= 
•9 X 106 (550 X 10- 6 ) 
70 
= 71 e.v. 
The Li ionization potentials from The Handbook of Physics and Chemistry 
(492) are given as r1 = ··5.36 e.v. , r 2 = 75.26 e.v., r3 ::: 121.8 e.v. The 
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lithium most likely comes off as Li+2. 'Then ZLi.f.2 = Z«. RLi+2 = 
(.519 m.e.v. in B203) = 1.74 x .00070 x R« (.52 m.e.v. in air) = 
.00070 x .32 = .00039 em. 
7/4 R«-
1. 74 X 
(c) The electron ran~e. The range of electrons in the lighter elements 
is independent of the nature of the absorbing material, and is constant when 
expressed in grams per cm.2. In (490, p. 164) we see that a 10,000 e.v. 
electron has a range of .2 mg. per cm.2. It can be shown that the maximum 
energy imparted to an electron by a 1.6 m.e.v. alpha is about 1000 e.v. and 
~ a 1 m.e.v. lithium is about 500 e.v. By extrapolating the curve (490, 
p. 164) we find 7he maximum range of the electrons is 10-6 em. and the aver-
age r ange is 10- em. The volume of excited molecules is a very small 
cylinder with the ion path as axis and the electron range as a radius. 
Relative to the disk dimensions the lfght pulse occurs at a point. 
3. The number of photons produced by a neutron absorption 
(a) Energy fraction transferred to scintillator molecules. The ion 
paths are straight lines. The electron paths are zigzag, but in the general 
direction of the alpha pa th. Let f be the weight fraction of the scintillator 
material. Consider that the path of the charged particle crosses a series 
of molecular layers each with_a composition f. 1his picture also gives a 
bulk composition of f. The . relative probability of the particle hitting a 
scintillator molecule is f. Thus a fraction f of the particle energy and 
hence a fraction f of the neutron reaction ene3gy is transferred to scintill-
ator molecules. This is an energy of 2.5 x 10 f e .• v. 
(b) Conversion efficiency. It was mentioned in a previous section that 
the conversion eificienty should be dependent on the particle size in suspen-
sion. Using data from Pringsheim (498, pp • . 31?_, J5.1J, Kallman (19), and 
Bowen (315), the followin g approximate table (Table 3) was obtained for 
anthracene under alpha excitation. Prirtgsheim (498, ;1. 357~ indicated that 
small quantities of dissolved atmospheric oxygen. strongly quenched fluorescence 
in anthracene solutions. It ha.s been assumed f or the present system that 
orJgen quenching is negligible. 
• 
size 
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Table 3 
Variation of Conversion Efficiency with Particle Sizea 
.Particle · 
(lo-4cm.) 
150 
25 
4 ' ' 
~3b 
~03 
~003 
.0003c 
e.v. per 
photon 
1000 
5000 
330 
250 
400 
1300 
2000' 
photons · 
per e.v. 
:o01 
:oo2 
:oo3 
:oo4 
;oo25 
~00077 
.0005 
Conversion 
efficiency 
~003 
.006 
~009 
~012 
.0075 
.00231 
.0015 
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aBowen 1 s work indicates that the highest energy emission band (ca. 4000 ~) 
of anthracene is most affected in this w~y. 
bBowen obtained this 'particle size by pouring an a·cetone solution of 
anthracene into hot water. 
cSolution size. 
The energy fraction relation discussed in (a) above should hold equally 
well for solutions and · suspensions 1-ihere the particle size is less than the 
average electron range. For larger particle size only the outer r ange-
thickness is effective in' direct absorption 'of electron energy. For spherical 
particles of diameter (d), large with respect to the electron range, f must 
be replaced by 
5/3 1f'd2 x lo-7f = l0-6fd-l 
!1fd3 
6 
Eecause of both efficiency and size a molecular anthracene solution should 
be five times as efficient as the .2 micron suspension but only half as 
efficient as the .03 micron suspension. However for the same number of 
particles the .3 p ' suspension would be orders of magnitude better than the 
molecular solution. The above discussion i gnored any difference in opacity 
of the disk for the different cases. In the experimenta l 1-iork, fine sus-
pensions will be utilized. For · the further development of this theory, an 
efficiency of .005 will be used. 
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Then the number (p0) of . photon~ produced by a ne~tron absorption is 
given by the equation p0 = 2.5 x lO~db-1f = 4.2 x 10 f for anthracene. 
Ed is the corrected conversion efficiency and b is the e.v. f or a phot?n 
with wavelength of maximum emission of the scintillation material. Conversion 
efficiencies which should be attained wi th small, suspended particles of 
anthracene and five inorganic phosphors are tabulated in Table 4. Particle 
size corrections are not used except for anthracene. 
Material 
Anthracene 
CaW04(W) 
ZnO(Zn) 
--
ZnSi04(Mn) 
Nai(Tl) 
ZnS(Ag) 
Table 4 
Conversion Efficiencies 
Efficiency 
.005 
.015 
.02 
.035 
ca. .ll 
ca. .25 
4. Conversion efficiencies corrected for lifetime 
References 
(19,351,315) 
(19) 
(19) 
(19) 
(19,192,193,204) 
(19) 
, The efficiencies listed in the preceding section are after Kallman.(~9,p.31). 
His measurements were time integrated over several seconds. He found from 
a separate series of experiments that inorganic phosphors had several parts 
to their emission. The very shory emission--the only part effective in 
scintillation pulses--is a fraction (Fa) of the total emission. These 
fractions--after Kallman (19, p. 40)--in Table 5 below, are applied as 
corrective factors to the conversion efficiencies. The corrected efficiencies 
(Ed) represent conversion efficiencies for pulse emission within the t abulated 
lifetimes. 
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Table 5 
Corrected Conversion Efficiencies 
Material T(psec) Fa 
Anthracene .03 (258) ca • 1.0 
ZnSi04 (Mn) • 5 (19) ca. .21 
CaW04 (W) ca. 1.0 (19,258) ca. ~58 
ZnO(Zn) 3 (19) ca. .75 
Nai(Tl) .25 (258) ca • .4 
ZnS(Ag) • 5 (258) ca. .27a 
Ea 
.005 
.035 
.015 
.02 
.11 
.25 
E} 
.005 
.0074 
~0088 
.015 
.044 
.068 
aBecause ZnS emits considerably more light over a period of several 
microseconds, the observed F may be higher >vith apparatus having a resolving 
time longer than a few microseconds. For example, one reference (258) lists 
a ZnS(Ag) decay time as 10 microseconds. 
5. The number of photons in a pulse leaving the disk 
We will consider a scintillation disk about four em. in diameter and 
thickness less than .4 em. The top and side are to be covered with an alumi-
num reflector. We assume for the present that reflection is perfect and 
that any photon which exits the bottom of the disk is "used" by the phototube. 
Consider the point of neutron absorption as the center of an ordinary 
spherical polar coordinate system \vith the , disk axis as the ·z reference axis. 
Obviously the lateral placement of the origin~ is immaterial: The problem 
here is divided into two cases~ The first case is for the photons which 
originate >vi th ez90°. The second is for 8 ~ 90°. 
(a) Lower reflections-- 8~90°. Take dPS as the probability of the 
photon being in a small solid angle ~. PA is the probability of the photon 
not being absorbed in the disk along its path in dW. Then the probability 
P1 that the photon will exit the bottom is given by P1 = (r/pA x dPs We 
make the following definitions. · )e_ · 
a = photon extinction coeffi'cient of disk. 
t = thickness of disk. 
z = distance neutron travels in disk before absorption. 
q = path length in disk for photon. 
1 = t+-z. 
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m = al. 
r,E3,~ = the usual coordinate symbols. 
dW = dA = ds2 x dsJ -
-
rd ex r sined rl 
r2 
= sined9d?f 
r2 r2 
dPs = dW = 
4fl"' 
q = t - z 
cos('fr-e) 
1 
417"" 
= 
-( t-·z) 
cos e 
= .· 1 r-- ( 2'fr (ff 
4
-1i')¢=o )e= 1!' 
2 
= 
-11 
cose 
(b) Upper reflections-- 9!90°. The center of the coordinate system is 
now z em. above the disk instead of z em. below the top. This point appears 
as a virtual origin fore~ 90°. rt is considered that for thi s case the 
disk material extends upward to include the virtual origin. 
q = (t+z)/cos ( 11"-e) =. -(t ... z)/cose = -12/cos e 
= 
1 
41"" ! I = 21f" (11' sine .al2/cos 19 d e d I ¢=o )e-f 
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(c) Total probability of photon leaving the disk. The total probability 
of a photon exiting the bottom is just Pt = P1 + P2• 
We now turn to the problem of i ntegrating dP1 and dP2• The ;zf inte-
gration in each case gives the factor 2. We have then: 
We make the following substitution: 
m = ax l 
h - -m 
coser 
gives __I!!_ 
case 
and dh = -m sine ( cos~n-2 dS 
or sine d9 = dh(cos e )2 
m 
e = 
..,.... 
2 
gives cos e = 0 and h 
e - ,.,... gives cos e = -l and h -
feD dh -h Then 2P = m me h2 
Integrating by parts: 
. -h·;,t>o 2P = - me n m 
= e-m -m ~: 
m . 
= e-m t Ei (-m). 
roo 
-m J \ 
, h=m 
-q d' h e .. 
·: h 
~ :/>·~ \><{,' 
= -h 
' 
= 
= ()0 0 
= m. 
d h 
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The integral Ei (-m) cannot be .evaluated in closed form. Values are 
tabulated in Table 6 from Jahnke and Emde (494). The other calculations 
neces sary for P are a~so listed. In column six, P is listed as a function 
of m. The best approximate function ·in the region 0~ m ~. 7 is listed in 
column seven. This function was found graphically .and verified analytically. 
Form equal to .7 we have f or P1 the case · of a disk with thi ckness two mm. 
and 50 % transmission and for P2 a two mm. disk with 70 % transmiss ion. In 
columns eight and nine a positive deviation indicates a low estimate. For 
vety t hin or ver,y clear disks m is always small and ~ better approximate 
function for P would be obtained by multiplying e-2.4m b,y a constant, e.g., 
b,y .95 f or m := .3. · 
Table 6 
Probability of Photon Exit 
P = e-m + mEi(-m) 
1 2 3 4 5 6 
m 2.4 m -Ei(-m) -mEi(-m) e-m 2P 
0.01 .024 4.0379 .0404 .9900 .9596 
.04 .096 2.6813 .1072 .9608 .8536 
.05 . . 120 2.4679 .1234 .9512 .8278 
.06 .144 2.2953 .1377 .9418 .8041 
.10 . 240 ; 1.8229 .1823 .9048 .7225 
.20 .480 1.2227 .2445 .8187 .5742 
.30 .720 0.9057 .2717 .7408 .4691 
.40 .96 .7024 .2810 .6703 .3893 
.50 1.20 .5598 .2799 .6065 .3256 
.60 1.44 .4544 .2726 .5488 .2762 
.70 1.68 .3738 .2617 .4966 .2349 
.80 .3106 . 2485 .4493 .2008 
.90 .2602 .2342 .4066 .1724 
1.00 .2194 .2194 .3679 .1485 
7 8 
e-2.4m Dev. 
.975 +.016 
.908 .054 
.887 .059 
.866 .062 
.787 . . 065 
.619 .045 
.487 .018 
.383 -.006 
.301 -.025 
.237 -.039 
.186 -.049 
9 
%Dev. 
+1. 7 
6.3 
7.1 
7.7 
9.0 
7.8 
3.8 
-1.5 
-7.7 
-14.1 
-20.8 
H (/.l 
0 
I 
~ 
\0 
~ 
~ 
\Jl 
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The approximate functions for P1 and P2 are nm'l substituted. 
= 1; 2 e-2.4a(t-z) 
= e-2.4at cosh (2.4az) 
The number of photons in a puls'e emerging from the disk i s just the number 
of photons at the pulse origin times the probability of a photon emerging: 
Pd = P0 Pt = p0 e-2·4at cosh (2.4az) • 
For a thin disk ( t • • 2 em.) lvi th 70 % transmission (a = 3. 5) . the relative 
photon pulse strengths will range from 1.0 to 1.4 as a function of z. With 
10 % transmission (a = .50) the range is 1.00 to 1.03. 
6. Photon pulse heights 
From the exponential law for absorption of neutrons the following 
relations are obtained. Cz i s the number of neutrons at a distance z em. 
from the disk top; C0 is the neutron flux entering the disk top; Ct is 
the neutron flux not absorbed in the disk, i.e., leaving the bottom; and 
Ca is the number of neutrons per second absorbed in the disk in the layer 
between Z =·z and Z = t. 
c' = c = Co = 
z = -lln (c' t 8 -kt) 
k 
p' = Pd = 8 -2.4at cosh (2.4az) 
Po 
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z = __l_ cosh-1 (pt~2.4at) : 
2.4a 
I e-2.4at cosh 2.4a ln (c' p = lC 
= 
e-2.4at cosh 5.53a log (c' 
k 
t e-kt) 
,. 8 -kt) 
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The number of photons in a pulse leaving the disk bottom relative to the 
number formed at yhe pulse origin_ is given by p 1 -as an explicit function of 
c'. The number C is the number--relative to t he entering neutron flux C --
of neutron absorptions which produce light pulses ~tith P' or more relativg 
photons. · 
Calculations are now tabulated for P' for three different values of a 
corresponding to three different degrees of opacity of the scintillator disks. 
The calculations in Table 7 are according to the following. 
a = 3.5 (50 % absorption) 
k - ca. 20 
t = .2 
5.53a = 
k .966, e-2.4at = .186, 
p' = e-2.4at cosh 5.53a log (c' + e-kt) 
k 
= .186 cosh .966 log (c' t .018 ) • 
Table 8 is for: 
a = 1.8 (30 % absorption) 
k = ca. 20 
• .• 018 
~ 
co 
Table 7 
Calculations ~or P' with a = 3.5 
(.!l_ {2) {3) (4) (5) {6) (7) _@l 
C' C'+.OlB 1 log (3) .966 (4) cosh (5) P'=.l86(6) -log c• 
m 
.982 1.00 1.00 0.00 0 1.0 .186 .008 
.50 .518 1.93 .286 .276 1.038 .193 .301 
.30 .318 3.14 .497 .480 1.117 .207 .524 
.10 .118 a. 47 , - . .~8 .896 1.428 .268 1.0 H 
. Cll 
.048 20.8 1-~ -319 : 1.27 1.92 .357 1.52 (') .03 I 
...... 
~ 
\0 
.01 .028 35.7 1.553 1.50 2.35 .437 2.00 ......:J 
.0032 .0212 47.1 ~ 1.674 1.62 2.63 .489 2.50 
0 .018 55.5 1.745 1.69 2.80 .521 inf. 
Table 8 
Calculations for P' with a = 1.8 
(1) (2) (3) (4) (5) (6) 
C' C1 +.018 1 log (3) .966 (4) cosh (5) 
.982 1.0 1.0 0 0 1.0 
.50 .518 ·,_1. 93 .286 .142 1.01 
.10 .118 8.47 .928 . . 461 1.108 
.03 .048 20.8 1.319 .655 1.222 
.01 .028 35.7 1.553 . 771 1.312 
.0032 .0212 47.2 1.674 .832 1.367 
0 · :o18 55.5 1.745 . . 867 1.40 
(7) (8) 
P'=.lS6 (6) -log C' 
.42 .008 
.424 .301 
.465 1.0 
.513 1.524 
.551 2.0 
.574 2.50 
.588 inf. 
H 
en 
0 
I 
..;::-
\.0 
-..;J 
~ 
.\.Q 
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t = .2 
S.S3a = .497' e-2.4at = .42, e 
-kt 
k 
p' 
= • 42 cosh .'497 log (c' ·+ .018) 
Table 9 gives: 
a = .SO (10 % absorption) 
k = ca. 20 
t = .2 
S.S3a = 
k 
.138, _ J-2·4at = .787, 
.018 
• 
= .018 
p' = .787 cosh (.138 log (c' + ·· .018) ). 
It is seen that for thin disks with higher transmissions all the light 
pulses leaving the disk contain _about the same nlli~ber of photons given by 
P' = Pd/P0 = e-2.4at. There is only a small spread towards stronger pulses 
introduced. An additional spread--less th:l.n 2 %--to1-m.rd smaller pulses is 
introduced by those neutrons absorbed so close to the disk edges that some 
of the absorption energy is dissipated outside the scintillator disk. This 
could be .corrected by using a liquid scintillator instead of mineral oil for 
light coupling. These effects will be discussed later >vhen necessary. 
7. Reflection corrections 
It is estimated that with the set-up to be used in the present ex~riments 
there is about a 10 % loss in reflections at the disk faces and a 10% reflection 
loss in the coupling fiuid. The factor .8 will be applied to correct the 
number of photons Pd appearing at the photocathode to Pct = .8 Pd. 
Table 9 
Calculations for P' with a = .50 
(1) (2) (3) (4) (5) (6) 
~~ -
c• C1 +. 018 1 log . (3) .966 (4) cosh (5} 
(2) 
.982 1.0 1.0 0 0 1. 0 
.0032 .0212 47.1 1.674 .231 1.027 
0 .018 55.5 1.745 .241 1.029 
(7) (8) 
-P' ~ .186 (6) -log c • 
.787 .008 
.808 2 . 50 
.810 inf . 
H 
(/) 
0 
i 
-+=" 
\0 
-.:j 
\Jl 
I-' 
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'· 8. Quantum efficiency of phototube cathode 
According to Morton (44) - ~he 5819 phototube has .a Cs3Sb film as a cathode 
with a quantum efficiency of .2 %per microampere per lumen. The cathode 
sensitivity of the 5819 is uO microamperes per lumen. Thus the quantum 
efficiency is 8 % for 4800 i photons. The collection efficiency of the first 
dynode is ,given as 50%. This means that 24 photons produce two photoelectrons 
and one of . these starts the trip through the multiplier section of the photo-
tube*. Morton uses the quantum efficiency as the number of photoelectrons 
produced by 100 photons. vlhere the radiation is at wavelengths other than 
LBoo .i a correction must be made · on the quantum efficiency (44). The photo-
tube spectral response curves are given on an equal energy basis~ With Q 
as the fractional quantum ~fficiency, R as the spectral response, and W the 
1-ravelength in R, the following equation holds: 
Q•Qo!!. ~. 
Ro W 
Then for other than 4800 .i photons p = 2n/Q. In Table 10, values Oz.l. the response 
Table 10 
Cathode Efficiency Corrected for Wavelength 
Material w R Q 
al1Si04(Mn) 5250 (19) .91 .067 
Nai(Tl) 4100 (258) .86 .071 
CaW04(W) 4200 (24) .80 .• 073 
ZnO(Zn) 5000 (24) .98 .075 
Anthracene 4300 (315) .85 .. 076 
ZnS(Ag) 4500 (19) .95 .081 
*rt should be remarked that several 5819 characteristics will vary 
somewhat with the individual tube and with the operating voltages. Such 
variations are not taken into account in the following treatment. 
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values of the responseo (R) for the phototube at different wavelengt hs (W) 
are taken from a pamphlet published by RCA and enclosed in the carton with 
each 5819 tube. The values of Q are corrected according to the above formula 
with R = 1 at W0 = 4800 ~. 
9. Photo tube dark current pulses 
The dark current pulse distribution very closely approximates a straight 
line when plotted on a log scale (44). The relation at 30° C is given by 3 
log C = -2n + 12, where C is the number of pulses per second in the distri-
bution origi~ating from 2n or more photoelectrons. n is the minimum pulse 
height measured by the effective number of photoelectrons ent·ering the 
multiplier to produce one such pulse. Substitution of p = 24n obtains p • 
144 - 36 log C •.... Here p is the minimum pulse height in terms of the effective 
number of photons required from a light pulse hitting the photocathode in 
order for the light pulse to just duplicate the noise pulse. 
Dark current in the 5819 is strongly temperature dependent. Morton 
(44) stated the effect as a doubling of background count for a 10° C rise 
in temperature. Applying this correction to the dark pulse equation gives 
log C • (3.1 + .03):') - P/36. T is the centigrade temperature. Such 
integral distribution equations do not hold for low values of p but give a 
high estimate for C. 
10. ~ photon pulse height relation 
The 30° C phototube curve--log C = 4 - P/36--will now be modified to 
give -the e~ected signal curve. The log C intercept which was 4 is ~placed 
by log 2sCd and the theoretical · signal count ·.rate · cune· ;ia . gi\leh. ey: log.•C == log 
2sCd - P/36, where s = 1/2 Qp•**. This equation holds up to about C = 1/2 Gd 
at which p<):irit t he linear rela ~ion begins to increasingly overestimate the 
actual counts~ ·A simple approximation is to use the linear relation nearly 
up to c = cd and connect this smoothly to a horizontal line which goes to 
the C~axis at C = Cd• This is the integral photon pulse height relation. 
For minimum counting requirements it is desired that the signal-to-noise 
count r atio be about one. This requires that at 30° c, s must be at least 
5 X 103 cd-1• For low values of cd, ca. 200, t his is a tremendous photon 
requirement on ' the disk. Cooling of. the phototube would be greatly desirous 
in such a case. 
*cd • C0 - Ct. See Section 6. 
** The factor one half .. represents the collection efficiency of 50 %. 
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11. · Surranary and extension of theoretical results 
The following relations have been discussed. · 
b--the · e •. v! e~ivale~t of a photon--Section 3 (b). 
P0 = 2.5 x __ lO 'EJ- b- f--photons at pulse origin--Section 3 (b). 
Pd = P0e-2.4at_·-number of photons leaving ·disk--Section 6. 
P~ • ~tl Pd--number of photons entering 5819--Section 7. 
s ~ 1/2 QPd--number of photoelectrons cgllecte~--~ection21R• t 
s • .8 X 'lt2 9e-2•4atE~ b- X 2.5 X 10- f : lO~b- fe- • !l • 
Let K = '100QE4b-l. , . • 
Then s = Kfe-2 •4 at . . 
Integral pulse height equations: Section 10. 
log C ~log 2sCd-P/36 for .C less .t han Cd 
= log 2Kfe-2.4at C0 e-kt - P/36· 
• log 2KCof'e-(2.4a ... la)t - P/36 
c = cd at p. 0. 
Table 11 lists the quantities necessary for the calculation of K 
according to the equations above, the results of those calculations. It 
has been assumed throughout that the active centers are not destroyed or 
substantially changed by solution and/or suspension in boric oxide. The 
K-values pe~t an absolute comparison of materials for use as the embedded 
phosphor. 
Table 11 
K-Values 
Material .Q ' -Elf w(i) b(e.v.) K 
anthracene .076 .oo5o 4300 2. 88 130 
ZnSi04(Mn) .067 .oo84 5250 2.36 210 
CaW04(W) ~073 .oo88 4200 2.95 220 
ZnO(Zn) .075 .015 5000 2.48 450 
Nai(Tl) .071 .044 4100 3.03 1030 
ZnS(Ag) .081 .068 4500 . 2. 76 2000 
Table 12 lists some s-values calculated from the K-values for typical 
values of f, a, and t. The value of t used in all cases is .2 em. The a-
values of .5, 1.8, and 3.5 correspond to disk absorptions of 10 %, 30 %, 
and 50 %. The top rm._r lists typical a-values corresponding to the assumed 
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fraction (f) of Rhosphor listed in row five. Ro>-I six lists the calculated 
values of f e-2. at, which are column headings for s-values. Each such 
column heading was multiplied by the value of K corresponding to the phosphor 
listed on the left. This product gives th~ listed s-value. Thirty s-values 
are tabulated corresponding to five f e-2.4atcolumn headings and six phosphor 
row designations. 
Table 12 
So roo Typical s-Values 
sl s2 53 54 ss 
a = 
.s .s 1.8 1.8 3.) 
at • .10 .10 ' .36 .36 ' .70 
. 2;4at • .24 .24 .864 .864 1.68 
' . 
e-2~4at = 
.787 • 787 .421 .421 .186 
f = ' ~0001 .0002 .001 .002 .01 
fe-2.4at = 
.000079 .00016 .00042 .00084 ' .0019 
anthracene .012 .021 .05) ' .11 .2) 
ZnSio4(Mn) .016 .033 .088 .18 .39 
CaW04(W) .017 .034 .092 .19 .40 
'ZnO(Zn) .036 .047 .19 .38 .85 
Nai(Tl) .08 .16 .44 .85 1.9 
ZnS(Ag) .16 .32 ~84 1.7 3.7 
The 5-values represent the numh=r of photoelectrons produced from a 
neutron absorption and str.iking the first dynode of the multiplier. The s-
value is to be compared with an average noise pulse s-value of unity. 
12. ~alternative procedure 
An alternative and perhaps superior theoretical treatment of pulse 
distribution is to make use of the differential pulse heights r ather than 
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the integral concept presented above. The differential method considers a 
plot of rate of pulse counts with a given pulse height, r at her than all those 
pulses stronger than a given pulse height. 
The differential pulse height distribu~ion curve will be a ' peak with 
1"1.aximum at a pulse strength correspondi.ng to the average number of photo-
electrons (s). The pulse width is determi11ed as a combination of the photo-
tube Po'isson distribution and the calculated energy spread introduced by· the 
phosphor disk. Eithe r t ype of pulse height curve may be converted to the 
other by appropriate mathematical procedures. Theoretical treatment by 
.differential pulse heights has the advantage of taking into account the small 
spread in photon pulse strengths from the phosphor di sk. This spread was 
dropped from the final equations of the previous treatment. 
VIIo STANDARDIZATION OF NEUTRON SOURCE BY ACTIVATION 
The slow neutron flux S for .a paraffin surrounded source has been 
determined at several points by indium and silver activation m~asurements~ 
In the vicinity of the source a value of 1210+110 neutrons-second-1 - em. 
was determined. The flux just 6~tside the paraffin moderator was found to 
be 81+18 neutrons-second-1 - em. • 
A. The Source 
The source is a, 69 4. 7 mg. radium-beryllium pellet with an estimated 
emission of 1.5 x 10 neutrons per second. The pellet is at the center of 
a solid lead* sohere 7 inches in diameter. The lead ball is centered in a 
3/4 inch plywood box which measures 18 inches on a side. The remaining space 
in the box is filled v-;ri th paraffin. The minimum paraffin path from source to 
box is 4.75 inches. 
B. The Indium Activation 
Raw Data** for both the indium and silver activations were analyzed 
and corrected. 
Normal Indium (95.77% -~5) _has _an act~vati£~6c~oss sect~on of about 128 barns (453) for .032 e.v. • The product, In , decays w~th a half-
life of 54 minutes, emitting .56 m.e.v. beta particles. 
*The lead greatly reduces the strong gamma radiation also emitted by the 
source 
**Available through the kindness of Professor Voigt and several students 
of his radiochemistry course. 
***Tittle (437) recommends the use of ___ 4_ kT as the effective energy of 
3.14 
slow neutrons in a Maxwellian distribution. 
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The indium activation was run with the foil inside the lead ball next 
to the source. There were five correction f actors calculated for each set 
of data. The data were first corrected for counter background, plotted, and 
graphically extrapolated to time of removal of foil from flux. This gave 
the indium decay count rate R. 
A factor Fn was determined (436) to correct R to infinite irradiation*. 
The detection efficiency for the counting apparatusj including air and window 
absorption, nad been determined previously. The corresponding factor Fe is 
listed below. Because -of finite thickness the indium foil required a self-
absorption correction factor Fs. This factor corrects for absorption of the 
beta emission by the indium during counting. The self-absorption calculations 
follow Friedlander and Kennedy (490; p • . 230) except that, after Solomon et 
al., an absorption coefficient of 8.4 rather than 5 was used. Similarly-rhis 
absorbing detector in the "neutron gas" acts as a small neutron--sink. and thu:S 
locally reduces t he neutron flux. The corresponding f actor is Fd(437). 
Actually t his correction was calculated for the case of source embedded 
directly in paraff in rather t han lead and may be in error on this account. 
Using a neutron absorption law which was exponential in cross section 
and foil thickness, the factor Fn was calculated. Since a neutron may strike 
the indium foil with equal probability at any angle from the normal, · the 
absorption must be calculated for an effective thickness rather than the 
actual foil thickness. This calculation exactly parallel's the discussion of 
probability of photon emission f or a scintillator disk as developed in a 
previous theory section. The evaluation of an exponential integral from 
tables in Jahnke and Emde (494) is involved. 
Table 13 presents the correction factors calculated for two sets of data. 
R(sec-1cm.2 ) · F p 
~ 
7.22 1.19 
5.74 1.19 
Table 13 
Neutron Flux Correction Factors 
(S = Fp Fe F5 Fd Fn R =· Ft R) 
F F ... Fd F l e s n 
5.42 9.60 1.24 2.02 
6.67 12.4 1.28 1. 77 
Ft sa (Sec-1 
cm.2) 
165 1130 
.. 
226 1290 
· 2 a.Average flux from these t tV'o sets of data is 1210_110 neutrons-second-1 -
em. • 
*Infinite irradiation is a condition of s ecular equilibrium. The rate of 
indium de cay is just equal to t he r a te of neutron absorf>tion. 
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C. The Silver Activation 
A silver coin (90 % silver, 10 % copper) was a 'ctivat~d at three points: 
at the center of the lead ball next the source, on the outside of the lead 
ball, and outside the box. The irradiation was for a few minutes and activated 
the 24 second and 2.3 minute half-lives. Both activities were used in :the 
calculations. The corrective factors were not calcula ted for the silver; 
rather the flux was standardized by the indium determination. 
It was found within experimental error for the two positions at the lead 
ball that the flux was the same. These values wer~ averaged as were . the value ~ 
outside the box. The ratio of the two was found to be 15~2. Applying this 1 · 
rati6 to the indium determination gave a flux value of 81+18 neutron-second-
em. 2 , outsi-de the box. - . 
. 
VIII. EXPERIMENTAL PROCEDURE; 
Besides· the in~rganic phpsphors to be disc~ssed later it was decided 
to use one or more organic phosphors in preparation of the scintillation 
disks. From an initial selection of 40 conjugated ~pes five were selected, 
on a basis of 'strong fluorescence under ultra-violet., for final testing of 
the thermal properties. · 
!n addition to t~ boric oxide disks an attempted liquid detector is 
briefly discussed below. There follows a description of the 23 scintillation 
disks, including the method of preparation and s one of their physical properties. 
Chapter VIII concludes wi tn a discussion of the scintillation apparatus and 
the method of taking data. 
A. The Organic Scintillation ~terials 
All five of the organic compounds selected i' or final testing showed a 
strong blue fluorescence under ultra-violet excitation. Other important 
reactions to heat treatment are listed in Table 14. 
c. ~ ... 
All of these five organic compounds have been tested qy Kellman and 
other investigators and found to be good SGintillators in liquid systems. 
It can be seen, however, that only the anthracene and fluorene are resistant 
to chemical chanr:e a t te nperatures of around 3000C• Because the anthracene 
had a high fluore-sconee~· ~ withstood the heat tests, and was available in 
purified form 'Ln l a ··;;:... r quantities, it was selected for use in the neutron 
scintillation disks. 
B. A Liquid S~intillation System 
A liquid slow neutron detector was made with glycerol as the solvent. 
Borax (20%) and anthranilic acid (ca. 5%) were dissolved. The mixture was 
Table 14 
Effect of Heating on Five Organic Compounds 
Luminescence under u. v. 
Compound Crystal Temp.aLiquid Color 
color (°C.) color after 
Vaporb cooling Liquid After 
cooling 
anthranilic white 260 yellow browne none none none 
acid 
anthracene white 310 yellow white br. blue none br. blue 
fluorene white 280 clear white not obs. br. blue br .. blue 
1,4 diphenyl- white- 200 yellow yellowd not obs. blue br. blue 
butadiene yellow 
b-naphthyl- white- 305 brown- brown br. blue br. blue br. blue-white 
amine brown yellow also d 
aThe chemicals were placed in small glass tubes, pumped down to .05 mm. 
pressure, sealed off, placed in a furnace, and heated for 20 minutes or more. 
b Luminescence of the vapor above the liquid. 
c Remained a liquid. 
d Yellow tar. 
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heated to effect solution and turned yellow. . Crystalline anthranilic acid 
fluoresced bright blue under u.v., but the solution had a weaker blue · 
luminescence which seemed to peristrate no more than ca.' 'one mrn. in depth • 
. In the presence of slow neutrons there were no pulse heights above noise 
pulses and only a slight increase in count rate. ±t is presumed that there 
was solvent quenching qy both thermal dissipation and radiation absorption. 
c. Methods of Making Disks 
Several methods which.were discarded, as well as the one ~ally used 
in disk preparation are described below, 
1. Eutetic salt hath 
One of the first metn9ds tried was similar to ' a 'method by Kasha (47S) 
for fabricating thin· strips of boric oxide. Boric acid was melted in a 
laree test ' tube heated by a eutetic salt mixture. Small amounts of anthracene 
were added and"then the liquid solution was poured into a So ml. beaker to 
the desired height. Besides the obvious difficultiM of dealing vJith a 
molten salt mixture this method .had the dis'advantages of any of the pouring 
methods in that the pouring had to be done just after the last signs .of 
melting and before th~ boric oxi'de ·liquid became viscous. 
2. Furnace and !!£!: plate pouring methods 
I 
An electrical cylindrical furnace was constructed for melting and de-
hydrating the boric acid. The temperature was controlled by variac and 
could be set as high as 450°C. Test tubes or small beakers of boric acid 
were suspended in the furi;lace and mel ted. Unfortunately the melting could 
not easily be observed and the pouring point was easily missed. A pouring 
~~thod using a hot plate also proved unsatisfactory. 
3. The ~·bomb method 
In all of these runs anthracene was used as the phosphor. It was 
observed that a large fraction sublimed out when it was added to the molten 
boric oxide'. An attempt was made to manufacture the disks by mixing the 
boric acid 'and anthracene in a thick-walled .glass vessel, evacuating to 
less than .OS mrn •. pressure, and sealing · off. The glass bomb was then 
placed in the furnace, heate.d at 300°C for a bout 30 minutes, and allowed to 
cool. Invariably the resulting disks showed dark-colored residues character-
istic of thermal decomposition and reaction productso 
4. !_ high-pressur.e method 
, Stinison (Jour. Amer. Chem. Soc. ~ 180S (1952)) described a method 
of making small clear disks of a small amount of organic material embedded 
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as if in solution in potassium iodide. The finely~pm..rdered salt vJas pressed 
cold in vacuum under about 15 tons of force. A s imilar method was tried by 
the present author. A stainless steel press tv-as constructed and disks of 
finely-powdered boric acid were pressed 1-Ji th a small hydraulic press which 
exerted about 15 tons. The disks were quite opaque and in general retained 
their granular structure. 
5. The best method 
The method finally settled upon as being most convenient and satisfactory 
employed a variac-controlled 1200 watt Wiegand Co. hot plate. With the variac 
at 100 volts and the hot plate switch at medium position a temperature of about 
165°C was maintained as determined qy a mercury thermometer set in a small 
sand bath on the hot plate. About 93 g. of powdered boric acid, reagent 
grade or C. P., was thoroughl y mixed with small amounts of phosphor. All 
materials were weighed to better than .1%. The materials were mixed by 
stirring in a bottle wi th a spatula, by shaking and rolling the closed bottle, 
and finally by further grinding in 1a large mortar and pestle. This phosphor-
boric acid mixture was t hen transferred to a 100 ml. pyrex beaker, selected 
as having a very flat bottom. 
The powder mixture filled the beaker about half-way full. The glass 
beaker was put inside an aluminum cylinder four em. high and three mm. thick. 
It was believed that the aluminum ring aided considerablv in more uniform 
heating and melting of the boric acid. This ' assembly was placed on the hot .. 
plate. Just as the powder completely melted and large bubble s the size of 
the beaker were beginning to rise and fall (ca. 20 to 25 minutes), the beaker 
1>1as removed and placed in an asbestos shield to cool for 20 t o 60 seconds. 
The cooling system tvas then placed in a vacuum dessicator. The dessica+.or 
was cautiously evacuated down to about . 05 mm. of mercury. The trick here 
was to apply the vacuum as the disk cooled. If the dessicator wets evacuated 
too soon, l ar ge opaque bubbles of boric oxide would begin to pull out of the 
beaker. Correct vacuum application resulted in minimum moistur e pick-up by 
disk surface and minimum cracking of the disks since the vacuum insulation 
enhanced slow cooling of the disk. 
The phosphor disks were made in runs of six disks. The six sets of 
vTeighings were rrade and while the first powder mixture was relting, the . 
second was being mixed and prepared, and so on. The maj ority of disks came 
from a set of five runs. Of these 30 disks , 24 were considered suitable for 
further testing. 
D. Description of Disks and Disk Materials 
The zinc silicate, zinc oxide, calcium tungstate, and two types of 
zinc sulfide phosphor were commercially available RMA oscilloscope materials. 
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They were obtained in finely powdered form from General Electric Co. and 
R. c. A. Mfg. Co. The anthracene, .as mentioned previously, was recrystallized 
flake· which had been powdered in a mortar and pestle. ·The anthracene powder 
was slightly yellow in color1 as was the sodium iodide. All other phosphors 
were white powders. The thallium-activated sodium iodide powder was prepared 
.qy chipping and grinding small pieces from a larger single crystal. 
Same luminescence properties of the phosphor typ~s have beeri discussed 
previously. Tables 15, 16, and 17 tabulate 
Run No. Disk wt (g) 
No. 
2 ll 1 8.780 
3 II 2 2 10.568 
5#4 3 15.663 
4 # 3 . 4 8.642 
3 II 3 5 10.866 
Table ·15 
Properties· of Anthracene Disks 
Wt (%) by Abs. (%) Color 
.249 .00205 none 
.283 .00612 none 
.977 .0128 o1ive-
green 
' 1.07 .0207 olive-
green 
.51u .0219 olive 
Interior 
a 
1/4-b 
a 
a 
1/3-b 
.. !J20 
attack 
on 
surface 
medium 
medium 
medium 
medium 
medium 
the 27 boric disks with the physical properties as listed. The anthracene . 
has already been described • . The ZnS-D is RCA Patterson P ZnS(Ag); the ZnS-P7 
has the label ZnS (hex .015 Ag) and is tBe RMA Pl5 phosphor; the ·Nai has been 
described; the ZnSi04 {Mh) is RMA Pl phosphor qy G. E.; the CaWOn(W) is 
tetragonal RMA Pl5. 
For .. Tables 15 and 16, all disks were 4.60 em. in · diameter; under the 
wt (g) heading is listed ·the disk weight; the Wt (%) column gives the percent 
of phosphor as determined by weighing. For anthracene, the "by Abs (%)" 
column gives the spectrographically determined composition. ·For the column 
entitled Interior, the following abbreviations ·were used: a, clear; b, milky; 
c, fine individual particles concentrated towards the bottom; d,; larger clumps 
of powder towards the bot~om; d, larger clumps of powder towards the bottom; 
e, many very fine particle·s; f, opaque. 
• 
Table 16 
Properties of Inorganic Phosphor . Disks 
Run Disk Phosphor Wt. (g ) Wt (%) Color Interior H20-: attack 
No. No. on surface 
~ 
1 # 6 6 ZnS-D 10 . 739 .189 sl. yel-br c med 
2 # 5 7 ZnS-D 9.515 . 203 none sl. c med 
4 # 6 8 ZnS-D 11.561 .404 none c hi 
2 # 6 9 ZnS-P7 9.865 .193 none s1. b.~~ c med 
4 # 4 10 ZnS-P7 11.608 .410 none b.~~ c hi 
1 # 4 11 ZnO 8.729 .198 none sl. d 1o 
3 # 6 12 ZnO 11.249 .416 none hi d hi 
B 13 ZnO 11.437 .42 none sl. d.~~ sl. b. hi H 
(f.) 
4 # 2 14 Nai 8.292 .584 none a 1o 0 9 
5 # 1 15 Nai 12.916 .587 none a l o ..j::-1..0 5 # 2 1p Nai 14 .294 1.07 ye1 sl. b lo -..;J 
5 # 5 17 Nai 16.493 1.28 ye1 sl. b 1o 
5 # 6 18 Nai 16.238 1. 77 ye1 sl. b 1o 
1 # 2 19 ZnSi04 10.135 . 184 none e med 
3 # 4 20 ZnSi04 8.835 .492 none e.~~ f hi 
1 #' 3 21 Cawo4 9.666 .198 none e med 
3 # 5 22 CaW04 10.392 .448 gray e.~~ f med 
4 # 5 23 CaW04 9.338 .940 none e, f hi 
2 # 3 24 none 8.866 ---- none a med 
4 # 1 25 \ none 11.315 ---- none a hi 
A 26 none 10.5 ---- none a med 
p 173 27 none 13.778 ---- none a med 0'1 
l.,U 
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E. Scintillation Apparatus 
Besides the nine units described below which comprised the scintillation 
apparatus, two oscilloscopes were used to monitor pulse shapes. One was a 
DUmont Model 303. The other was a scope based on the circuit of a Raychronix 
C~7 -.by Radiation Products, ·rnc., except that sweep speeds as fast as one 
microsecond had been added • 
. , 
l. The cooling coil 
Copper, tubing .25 inches 0. D. was wound on a copper form 3.25 inches 
Oo D. and .six inches long. The forward and return tubing were wound adjacent, 
there being ten turns of each. The forward tubing entered an end cavity at · 
the bottom. The return tubing was the water exit from the top of the cavity. 
This cavity circulated a .25 inch sheet of water across the front of the 5819 
phototube assembly. ,The cooling unit thus circulated cold water around the 
phototube assembly and was about .30 inches ·away from it. The cooling 
unit .was in good thermal contact with the preamplifier housing back of the 
5819~ An eighth-inch asbestos sheet was wet-molded around the cooling unit 
for insulation. Tap water started at 10°C through 40 feet of plastic tubing 
to the cooling unit. The exit temperature was 13°C. The phototube exterior 
was maintained at about .15°C. 
2. The photrube 
The phototube used, as previously mentioned, was an RCA $819. This had 
a slightly concave-out end window with the inner surface sensitized -with a 
semi-transparent Cs 3Sb surface. The sensit~ve area was ~bout ll cm.2 The 
tube was operated at about 100 volts per s~age with about 40 volts on the 
anode with respect to dynode 10. Other specifications are available from 
standard RCA pamphlets and, for example, Mo~ton (44). ·The pertinent character-
istics have already been discussed in the t heory section of the present 
paper. ·The 5819 ·was ' always surrounded by a mamental magnetic shield made by 
James Killen Mfg. Co. 
3. The ~housing 
An aluminum cylinder was machined to. fit tightly onto tqe end of the 
5819 under the mumental 'shi~ld. This housing was sealed with ~isher 
Pyseal to the glass and the rest of the tube wrapped with black·:tape. The 
housing was filled with mineral oil which had dried over magnes;ium perchlorate. 
The neutron scintillation disks had a natural meniscus convexity. The -
disks were held in place by a polished aluminum cup. A split, plastic tenSion 
ring held the cup and disk agains't the 5819 concavity. 
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The inside of the housing was accessible by unscrewing an aluminum, 
gasketed top. There was a small screw in the top center which closed the 
unit, after the top was screwed on, without greatl y increasing the oil 
pressure •. 
4. The first preamplifier 
The 5819 ariode vent to a one megohm grid resistor of the 6A.G7preamplifier. 
This resistor returned across an 820 ohm cathode resistor which was about 40 
volts above ground. Dynode 10 of the 5819 was at ground potential. The 6AG7 
was biased . to,about a negative 2.5 volts. The plate was supplied from a 
regulated 2l0:', volt power supply through an adjustable two kiloohm resistor. 
The cathode was bypassed to ground through a .05 microfarad condenser. The 
signal was coupled to a coaxial output .connection through a .2 microfarad 
condenser a variable ten kiloohm gain control. This stage had a maximum 
g~in of· about six from about 30 kilocycles to better than about one megacycle. 
5. The second preamplifier 
A small chassis mounting a two-tube amplifier was connected directly to 
the coaxial output of the first preamplifier. This unit was powdered from ' 
the same 210 volt supply. The. input tube Has a 6AK5 with cathode degenera-
tion, and the output tube a 6C4 operated at zero bias (with a negative signal 
input). The plate resistors were 4.3 and 5.6 kiloohms respectively. The 
overall gain here was about 40 trith response to about two microseconds. 
6. ~ Bell-Jordan amplifier and discriminator 
This amplifier was built in an Ames Lab shop from the Bell-Jordan 
circuit with its several feedback loops and a gain of around 1000. It was 
found to be unstable and generally non-linear. The feedback was increased 
and the maxiiTD.lm gain let-Te red to about 150. The -amplifier then linearily · 
amplified signals up to 80 volts in the output, vJhich f ed a discriminator, 
presumably part of the B.-J. circuit. The amplifier input contained three 
pulses sharpening networks controlled by a selector switch marked 11 bandwidth11 • 
Essentially, t wo pairs of 6..4.K5 tubes >vith a 6AC7 cathode follower output 
comprised the discriminator. The tube of the first paid kept the cathode 
bias, common to both tubes, at. a negative 118 volts. The · signal was fed in 
across a positive voltage variable from zero to 110 volts. Thus the minimum 
bias on this input tube is eight volts. A signal level of .6 volts would just 
fire the scaler. The discriminator further shaped and limited the pulses so 
that a one microsecond pulse about • 7 volts in height was fed into the scalet. 
It was observed, however, that the amplifier discriminator to produce 
multiple pulsing, particularly on larger pulses. On this account the 
sc intillation data 1r1as taken at fixed gain and discriminator settings. 
Discriminator curves were considered unreliable with these units. 
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7. The power supplies 
The B. J. amplifier a~d the scaler were self-powered units, but the 
5819 and preamplifiers had external, regulated power supplies •. 
(a) The 5819 power supply. A 1616 tube half-w·ave rectified the alter-
nating current from a · DOO volt: transformer. This was fed into a triple-pi 
filter consisting, from input to output, of: a four micrbfarad condenser, 
a choke, a four microfarad condepser, a 50,000 ohm resistor, eight VR-150 
tubes, a 6o;ooo ohm resistor, and eleven type 5651 VR tubes (regulate 85 
volts each). The ·output could be tapped from the full 965 volts, from 880, 
or from 795 volts. There was a 120 second-delay relay in the high voltage 
output. ' 
I (b) The preamplifier supply. The secondary voltage from a Stancor P- · 
6119 transformer was filtered. by a low impedance condenser-choke pi section, 
then the output controlled by two VR-105 gas regulator tubes • . This unit 
supplied to the two preamplifiers a total of 50 rna. at 210 .vol~s, of which 
20 rna. was drawn by the 6AG7. 
8. ~scaling unit 
' 
.. ·The scaler used was a Model 161, manufactured by Nuclear In~trument 
Corp. With a rnaxillDlm scale of 256, a selector switch allowed sc9-ling re-
duction b,y factors of two down to a scale of four. The scaler had a 
variable sensitivity which was adjusted so as to fire with about '.6 volt 
input. 
The overall electronic resolving time of the scintillation system, 
including the scaler, was five microseconds. The mechanical register was 
good to better than ten register counts per second. 
9. The neutron shields and their use 
Two boric oxide shields were prepared by cooling a large quantity of 
boric oxide melt. The shields each had a diameter of 12.5 em. Shield 1 
had an average thickness of .98 em. and shield 2 of .54 em. Either shield 
passed only a negligible fraction of slow neutrons. 
It was intended that a count difference 1\fith and without a boric oxide 
shield would give the slow neutron count. However, it v..lCls that the shields 
had a strong effect on the gamma count background. A gamma spectrum was 
run on the neutron source, using a sodium iodide scintillation detecter. 
The results showed strong lines of radium daughters at 1.75 mev. and 2.20 
mev. with increasing counts toward one mev. and lower. In order that the 
neutron scintillation data be correctly interpreted, both shields were 
used ~o determine · the gamma stopping effect of the neutron shield material. 
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F. Arrangement of Source and Detector 
The detector disk was at the center of an edge of the source box and 
five inches from it. The disk and 5819 were t urned so as to be perpendicular 
to a line from the face center. A 3 x 3 x 1 inch lead shield was attached 
to the box 3.5 inches from the edge. Thus the detector was in a gamma 
shadow. 
IX. CALCULATIONS OF s-VALUES FOR THE DISKS 
The s-values were calculated for the anthracene, sodium iodide, zinc 
sulfide, and zinc oxide disks, since these shmved the most promise of being 
successful detectors. For the anthracene s-calculations, the required con-
centration factor was first obtained from disk absorption intensities as 
compared with standard curves. 
A. Anthracene Concentrations 
Reference is made to standard absorption spectrograms from "Ultraviolet 
Spectral Data, 11 American Petroleum Institute Research Project 44, by Carnegie 
Institute of Technology. Serial Nos. 91 and 170 were for given concentra-
tions of anthracene in isooctane. The values of coefficients from Serial 
No. 170 ·were used. These checked well with the earlier spectra. 1'hese 
spectrograms 1vere done in conjunction t-tith the National Bureau of standards • 
. .... ·-In Table l7 · below, the subscripts refer to the absorption peak or band. 
The letter D refers to an optical density f or a disk; the letter a to an 
absorption coefficient from the standard curves, obtained by dividing the 
knovm concentration into the optical density as read from the standard spec-
trogram. The symbol lis used for -the measured thickness in em.; dis the 
density of boric oxide, taken here to be 1.80. 
Since it was not possible to make any accurate measurement of the 
boric and background absorption for the anthracene disks, a peak difference 
method was used with background corrections relative to band six. The 
relative background corrections were obtained from pure boric oxid~ disk 
. absorption curv~s. In all cases band three was used as one of the peak 
p~irs in this peak difference method. 
The last column represents the fraction of anthracene in a disk as 
obtained from 
f :: 
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Table 17 ' 
! - Calculations for Anthracene Disks 
Band Di n! . 
., a 
ld lOOf Corr. D3-Di a3~ai (loR) J. (a3~ai) (corr.) 
Disk 1. lOOf = .00205 (ld = 6365) 
' ' -
' 
2;,;,314 1~128 ' ..:.~091- 1~037 ~016 8 ~ 610 3, o5o 
3-327 1~123 -~070 l~d53 . ,. ' ... • 
'•4;,;,343 1~225 -~048 1.1;77 '' -~124 13 ~ 160 ·-4; 670 ;oo265 
5-361 1~245 -.025 1.220 -;167 30;130 -10~ 700 ;oo1.56 
6-377 1.200 0 1.200 -~147 2~, 360 -1, 580 o00194 
Disk 2. lOOf : .00612 (ld : .503) 
1-297 1~685 -:110 1~575 ~175 13; 060 6; 560 
2-312 1~765 .;.;~091 1~674 .276 8 ~ 610 4, 330 .00637 
3-327 2~020 - •. 070 i~950 
4-343 2~420 -~048 2.372 ~~422 ..;,13 ~ 160 ,' ..;6; 670 ~00632 
5-358 . 2~820 ..:...o25 2. 795 -;845 -30,9 130 ..:.15;150 ;.oo565 
6-377.5 2.610 0 2.610 -.660 - -~1,360 -10,730 .00614 
Disk 3. lOOf • .0128 (ld • .686) 
. -. 
1-298 1;650 -~110 1.540 1~103 13; 060 8:,960 '~0123 
2-314 1~940 - ;691 1.849 • 794 8, 610 5, 910 .0~34 
3-327 2. 713 - .070 . 2.643 
Disk 4~ lOOf :: .0207 (1d = ,.)20) 
1-300 2;100 - ;,110 1~990 .822 13:, 060 4;180 :o197 
2-313 2~303 .,;, ~091 2.212 .600 8,610 2, 760 .0217 
3-328 2.882 - • .070 2.812 
Disk 5. lOOf :iii .0219 (ld :: .526) 
I 
1-298 ' 2.104 - ;110 1.994 1.436 13; 060 6; 870 ;0209 
2- 312.5 2.460 ~.091 2.J69 1 •. 061 83 610 4.!! 530 .0229 
3-327 3o500 -.070 3.430 
The calculated f -values for a disk were averaged to give the value listed 
next to the disk number sub-heading. 
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B. The s-Calculations 
Some s-values, or average number of photoelectrons calculated to enter 
the 5819 multiplier from a slow neutron event in t he ·d:i.ski were computed. 
These were done for the anthracene, zinc sulfide, zinc oxide, and sodium 
iodide disks. 
It may be remarked at this point that the symbol "a" introduced on page 
71 of the present work was inadvertently referred to as a "photon extinction 
coefficient of disk". Actually, 11 a 11 is a coefficient which includes a con- · 
centration factor. Thus "at" is e qual to D, the disk optical density at 
wavelength of maximum absorption. The equation for s on page 87 becomes: 
f -2. l:T\ s = K ·e LjJJ 
Table 18 presents an outline of the s-calculations. Several corrections 
were needed to convert the optical data into the D values as listed. 
Disk 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Table 18 
a-Calculations for Disks 
D lOOf 
.Anthracene (K = 130, max. light @ 
.428 ·.00205 
L012 .00612 
.508 .0128 
1.213 .0207 
1.157 .0620 
ZnS-D. · (K :. 2000, max. light @ 
.519 ~189 
.516 .203 
.958 .404 
ZnS-P7. (K = 2000, max. light @ 
.950 .193 ' ' 
1.187 .... 
.416 
s 
4300 ~) 
.357 .00095 
.088 .00070 
.295 .00491 
.0545 .00147 
.062 .00177 
4509 ~) 
.287 1.08 
.289 1.17 
.100 .808 
Lf5oo ~) 
.102 .394 
. 058~ . 476 ' 
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Table 18 (Continued) 
s-Calculations for•Disks 
Disk D lOOf -2.40 e s 
ZnOo .(K - 4.50, max. light @ .5000 j) 
-
ll .364 .198 .427 .381 
12 L840 .416 .0120 .022.5 
13 1.670 .42 .0181 .0342 
Nai (K :: 1030, max. light @ 4100 j) 
14 .41.5 • .584 .367 2.21 
15 .45.5 .587 .336 2.03 
16 .8.5.5 1.'07 .129 1.42 
17 .685 1.28 .·194 2.58 
18 .94.5 l. 77 .103 1.88 
X. SCINTILLATION DATA AND RESULTS 
Because of some unexplained drift and erratic behavior of the scintil-
lation set-up, a complete integral curve was not attempted. The discriminator 
was set at zero with an overall fixed gain of about 5000 for the amplifiers. 
Two sodium iodide disks, disks 17 and 18, were tried first, but no consistent 
cotmt over background was observed for the '"disks. For all the scintillation 
data here presented the zinc sulfide disk 5 was used. 
The neutron count was obtained by using difference counts with and 
v-rithout the boric shield l previously described. Before this data cou~d 
be correctly interpreted, the effect of the shield on the gamma background 
count was required. 
Because of the fluctuations in count rate over several minutes~ rather 
short count periods of about two minutes were used. Many altern~te readings 
with and without the shield 'were taken at recorded time intervals. The 
count data for the shield in one position was averaged in the following 
manner. Counts per second were plotted against the time at which the readings 
v-rere taken. The points vmre connected by straight lines and . the area under 
the curve determined with a planimeter. This area was divided by the total 
elapsed time to give the average counts per second for the run. 
.. 
ISC-497 71 
Actually the process was simplfied somewhat by plotting the two curves 
for data with and without shield on the same graph. The area difference 
was determined to give the average counts per second reduction by the shield. 
A. The Gamma Effect 
Shield 2 was left in place for the ga~ma measurements. This converted 
the set-up into a gamma detector. The first set of data was taken vli th and 
without shield 1 in place in front of the detector. Table 19 presents the 
data obtained in this ~-.ay. All counts . recorded were the readings directly 
from the mechanical register. Since the count period was 128 seconds and 
the scaling r a tio was also 128, the register gives counts per second directly. 
The a~ea di fference from 6 to 57 minutes was 3.62 in. 2 with l in.2 the 
equivalent of 193.5 ct. sec.-1 min. The count rate was thus determined as 
13.7+5 counts per second. This i s the gamma count change by shield land 
repr~sents about 3 % of the total gamma count. 
Table 19 
The Gamma Effect 
Time (min.) Shield Ct. sec.-1 
3 2 1038 
6 1,2 1027 
9 2 1054 
12 1,2 1045 
15 2 1070 
18 1,2 1067 
2l 2 1100 
24 1,2 1055 
27 2 1068 
30 1,2 1063 
33 2 1092 
- 36 : 1,2 1074 
39 2 1182 
42 1,2 1194 
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Table 19 (Continued) 
The Gal1lm3. Effect 
Time (min.) Shield Ct. sec. -1 
45 2 1156 
48 1,2 1196 
51 2 1162 
54 1,2 1151 
57 2 1178 
60 1,2 n66 
B. The Neutron Difference 
In a similar manner the combined gamma plus neutron difference was 
obtained by using only shield 1 in and out of place. Table 26 presents 
t he data. The count period and scale were as in the previo~s experiment. 
~e ar ea difference from 3 to 48 minutes was 1e.32 in.2 with 1 in.~ the 
e·quiv'sleilt of 129.2 ct. sec.-1 min. The count rate was determined as 
52.7~10 counts per second. 
When the gamma count was subtracted £rom gamma plus neutron count, a 
neutron count of 39.0tl5 counts was obtained. 
Table 20 
Gamma Plus Neutron Difference 
Time (min.) Shield -1 sec. 
0 1 986 
3 1020 
6 1 1004 
9 1049 
11.5 1 1014 
15 1157 
18 1 1042 
24 1062 
30 1 1051 
33 ll69 
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Table 20 (Continued) 
Gamma Plus Neutron Difference 
Time (min.) Shield Ct -1 • sec. 
39 l 1127 
42 
45 l 1162 
48 1148 
51 l 1,076 
X I. AffiORPTION SPECTRA 
Absorption spectra in the ultra'liolet and visible regions were run on 
the disks and on the phosphors. The spectra were done on a Cary continuous 
recording spectrophotometer. Absorptions at certain wavelengths, as previ-
ously mentioned, ~•ere used for the s-calc!lla tions. The scintillator disk 
absorptions were corrected by base line and pure boric oxide disk data. 
The absorption data for the plain phosphors were most successfully 
run in a mull spread between bm quartz plates. The mull liquid was 
redistilled isooctane. Only in the case of anthracene did the phosphor show 
the slightest tendency to dissolve. 
A. Anthracene Absorption Spectra 
Table 21 presents the absorption maxima for the five anthracene disks, 
the isooctane mull, isooctane solutions 3 and the NBS spectrogram (1947)" 
The wavelengths are in millimicrons. 
While all the disks are shifted to the red from the solution by an 
average of about 50~, there is no clearcut concentration effect. 
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Table 21 
' Disk Absorption Maxima 
Disk 
Band 
2 3 4 6 8 10 
1 314 327 343 361 377 
2 297 312 327 343 358 377.5 
3 298 314 327 
4 300 313 328 
5 298 312.5 327 
NB3 295 309.1 323.8 339.2 356.2 3?5.5 
mull 291.3 309.5 323 .• 3 337.5 354.0 372.0 " 
sol'n. 292.5 307.5 322.5 337.5 353.8 372.2 
Table 22 presents absorption data for the isooctane mull and the 
isooctane solution, as compared \..rith the peaks from the NBS standard curve. 
It is seeri that the mull and solution are quite similar, but different from 
the NBS. A correction is indicated for the present data. 
Table 23 compares two long wavelength absorptions for six different 
anthracene environments. The mull and disk data are from the present 
experiments and corrected by the solution correction. The vapor, dioxane, 
and crystal data are taken v. Halban, z. Electrochem. 42, 628 (1936). 
It is apparent that the electronic environment of an anthracene absorb-
ing -species is intermediate between that of the isooctane solution and the 
pure crystal. 
It can be seen that the crystal absorptions are shifted about 150 ~ 
to the red from the isooctane solution while the disk anthracene is shifted 
about 50 R from the solution. There are hm possibilities. There may be 
a straight solution effect with all the anthracene molecules separated and 
the boric solvent exerting a greater polarity or refractive index effect 
than the isooctane • . The second possibility is that the anthracene is in 
microcrystal line suspension with the crystalline dimensions on :the order of 
strong energy transfer in anthracene. This latter case is Eerhaps favored 
when it is observed that the NBS peaks which are about 150 X in base width 
occur with about a 25b X base width in the comparable disk absorption. 
4 
Table 22 
Correction Maxima 
Band 
Curve 
1 2 3 4 5 6 
NBS 245.0 295.0 309.1 323.8 334.6 339.2 
mull 291.3 309.5 323.3 332.0 337.5 
sol -'-n. 245.0 292.5 307.5 322.5 334.0 337.5 
~. 
7 8 9 
351.1 356.2 370.0 
349.0 354.0 366.0 
350.0 353.8 367.5 
10 
375.5 
372.0 
372.2 
H 
(/) 
0 
I 
+=-
\.0 
--:1 
--:1 
\}1 
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Table 23 
. Co:nparison of Anthr acene £-1axima 
Type Band 
8 10 
Cr-Jst. 370 391 
Disk (corr.) 361 380 
Dioxane 3.58 377 
NES 356 375 
Mull 356 375 
Vapor 345 363 
It may be further suggested at this poirit that the same electronic 
influences which determine absorption shifts dlso affect energy transfer in 
a similar manner . Thus it might be expected that energy transfer ivould be 
better for t he anthracene in the boric disk than the isooctane solution, 
but not as good as in the pure crystal. 
B. Zinc Sulfide Absorption Spectra 
TI1e disks, mull, and powders were all quite opaque with only small 
absorption peaks . There 1-J"as a great deal of uncertainty in t he maxima 
allocations because of the high background. The values reported here are 
those which several absorption runs seem to give reproducibly . 
J.Cor 'ZnS-D, the mul1 sho1tred a hump at 2507 ~ with a 1vidth of about 100 t 
Dis ~c 7 showed a nossible hump at 2)10 R. The disks had slight absorptions at 
2540 and 2~? ,J R 1-J"ith general absorption in the r egion 2400 to 2650 1L There 
was a general increase in absorption throughout the ultra-violet f rom 4000 R. 
.. 
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For the ZnS-P7 there 1>1ere absorption :naxima with the mull at 2230, 
2340, 2400, aRd possibly 2510 %, 1·rith general absorption in the region 
2300 to 2500 A. The powder showed a ~mall absorption hump at 2290 R with 
general absorption from 2800 to 3500 X. The disks showed small absorption · 
humps at 2270, 283), and 3120 R >Vi th general absorption from 2450 to 2850 .R. 
An isooctane mull was made of unactivated ZnS. The material was Bak':)r 
and Adams on reagent grade. T1e mull sh-o1ved an absorption hump at 2510 R with 
general absorption from 232 5 to 2600 R. 
It is difficult to dravr any conclusions about the condition of the ZnS 
from the absorption spectra. For disk solution or micros~spension a strong 
blue shift from t he crystalline or mull absorptions would be expected. 
However, t his i s not evident from the data . 
C. Zinc Oxide Absorption Spectra 
The mull and disks shm-.red absorption maxima0 at 22c;o and 2'280 R with 
additional strucj(ure in the region 2400 to 2700 A. 'l~1e po;;~ c r sho1r1ed a 
maximum at 2280 A. It would seem that the ZnO in the disk is in the same 
electronic environment as the crystalli!'le mull. 
D. Sodium Iodide Absorption Spectra 
The mull had absorption max:ma at 2340, 2480, and 2580 ~ i·li th general 
increased absorption in the regions 2845 to 2970 and 2200 to 2425 R. The 
disks did not show as much blue structure, but had more toward the red. 
There were absorption maxima at 2475, 2580, 2650, 2875, and 3530 R, \vith 
further structure indicated in the region 3200-3750. 
There is absorption evldence that the sodium iodide is in a different 
condition in the disk from its crystalline state. As in the zinc sulfide 
case, however, there is sufficient uncertainty in reading the spectrograms 
t hat the nature of the disk reaction cannot be specifically determined on 
t his basis alone. 
E. Calcium Tungstate Absorption Spectra 
Since these disks were not considered suitable for testing, the spectra 
will not be discussed in detail. It is of passing interest that the disks 
had well-defined structure in a re gion around 2)00 R. With reruns in the 
ultra-violet ivi th one disk the absorption region enlarged 'tli th an attendent 
shift in the absorption ma.xima. The cho:u1ges 1vere quite definite , but appar.:. 
ently anomalous, being some times to the blue and sometimes to _the red. A 
thorough inves tigation of this phenomenon was not undertaken. Quite likely 
t here is at least one photochemical change occurring. 
\ 
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XII. LUMINESCENCE RESULTS 
Stanley Hagstrom of these laboratories was kind enough to make photo-
graphic determinations of the emission characteristics of the phosphor powders 
and the disk types. The data and remarks in column five are taken from a 
report submitted to this author by Mr. Hagstrom. 
A. Experimental Method 
For most of the ~iork' the light source 1.-1as a General Electric AH-6 
mercury arc. A bausch and Lomb medium dispersion quartz spectrograph Has 
used to view the luminescence at 450 to the exciting light. For the powdered 
phosphor emi'ssions, the powder was a thin layer between two quartz plates. 
Various filter solutions, usually nickel and cobalt sulfate mixtures, were 
used to remove visible light from the excitation. Four quartz lenses vTere 
used for condensing and focusing the incident and emitted light. The spectrum 
was calibrated by superimposing the lines from a small mercury lamp. 
For several of the emis 'sions, as noted, a ~tating can phosphoroscope 
1-1as used to separate long and short~lived emissions. The photographic 
plates in most cases 1..rere microphoto"lnetered to obtain graphic emission curves. 
B. Luminescence Data 
Table 24 presents the luminescence data for t ypical disks of each 
phosphor along vnth emission of the pure phosphor powder and the literature 
value for these phosphors. Column one lists the material or disk number. 
Column tvm gives the vmvelength region in .R of the excitinr, light, where 
known. A number in parentheses is a reference to the biblQOgraphy an-d 
indicates that the data on that r~w was t aken frqm .the literature. In 
column three are the ernis9ion maxima. Column four tabulates the overall 
region of emission. In severa;l cases this includes two or more distin-
guishable bands as listed in column three. 
Column five presents additional visual information on the bands. The 
nQ~bers are integrated emission coefficients from Leverenz (24, p. 72). 
The letters refer to the following . notes. 
C. Discussion of Luminescence 
The · anthracene disk shm..red an average shift of 140 .R to the blue from 
the phosphor powder. This is in line with the corresponding blue shift of 
the absorption peaks and bears out the suggestions mentioned in discussion 
of those spectra. Table 22 shows that the disk absorption peaks were 
shifted about 100 R to the b1ue from the crystalline rrnterial. It is 
indicated that the disk anthracene is in solid solution or microsuspension. 
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Table 24 
Luminescence Data 
Condition Sou~ce Peak 
or Disk ( ) (R) 
No. 
Anthracene 
Crystal (315) 4300 
Powder 2(00-3500 4070, .4670 
•· 4200, . 4480 
Crystal 3100-3600 4050; 4690 
4200, 4480 
No. 3 3100-3600 3900, 4560 
4075, 4310 
'Zinc Sulfide 
Cubic 2537, 3650 4550 
(24) ' Cryst. 
Hex. It 4350 
Ci'yst • . 
D. ·Powd. 3100-3600 4360 
No. 8 It 4360 
P7. Powd. II 4480 
No. 10 
" 
4520 
~Weak luminescence. 
bnands .well defi~ed. 
cHigh intensity. 
dBlue and green emissions present. 
eNo green luminescence noted a.s · in c. 
Raige ( ) 
4000-4900 
3900-5000 
·3800-4900 
4000-5500 
3750-5200 
.4000-4800 
. 3900-5000 
4000-5500 
!contains fast blue, slow green, very slot white (to 7000 i). 
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Visual 
a 
b,c 
a 
b,c 
a 
b,c 
410 
360 
c 
c,d 
c,e 
c,f 
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Table 24 (Cont~nued) 
Condition SouRce Peak ~r Visual (i) or Disk ( ) 
No. 
Zinc Oxide 
Crystal 2537, 3650 .3850, 3500-4000 
(24) 5050 4000-6200 
Powder 3100-3600 4760 4300-7000 
5300• 
No. 12 If 4750, 5370 3700-7000 
Sodium Iodide 
Crystal (258) 4100 
Powder 2700-3500 4280 3660-4900 
No. 17 2200-3600 4610 3600-5200 
'Zinc SilicatEf 
Crystal (24) 2537 5250 4500-6200 
Powder 2600-3700 5390 5ooo-59oo 
No. 20 2537 5260 5100-5700 
gBands very broad and overlap. 5300 ~ is most intense. 
, hon a continuum (3700-7000 .R) which might be due to boric glass, are 
supe,r~mposed two broad peaks. 
~aximum di£ficult to locate. 
jVery broad and flat. Plate is le~s sensitive in visib~e. A rerliri 
on t his disk showea very little difference from the plain boric glass. 
l<May be due to boric ·glass~ 
84 
g 
h 
c,i 
j,k 
100 
b 
1 
1The excitation was a low powder lamp 1dth emphasized 2537 ~. The boric 
luminescence was not excited. 
Condition 
or Disk 
No. 
Crystal 
Powder 
No. 23 
No. 27 
Source 
(24) 2537 
2600-3700 
It 
-3100 
mshort-lived emission. 
nLong-lived emission. 
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Table 24 (Continued) 
Peak Range Visual 
Calcium Tungstate 
4300 3200-5000 34 
4360 3700-5200 i,a 
4530 3700-5200 a,k 
Boric Glass 
4410 3600-7000 a,m 
5430, 5900 a,n 
6400 a,n 
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The ZnS-D powder appears to be the hexagonal crystal with an emission 
at 4360 ~. The disk emission also at 4360 ~ indicates that the emitting 
zinc sulfide species in the disk is in the sa me Blectronic environment as 
in the crystalline state. As shown in Table 15 there were fine particles 
visible in the ZnS disks, presumably phosphor particles. Thus it may be 
that t he bulk of the a ctivated phosphor ma.terial was actually in macroscopic 
aggregation. This condition would make disk 5, used in the neutron scintilla-
tion experiments, considerably less efficient than predicted. 
The ZnS-P7 and ZnO disks also showed unperturbed emissions and like 
the ZnS-D gave evidence of undissolved phosphor . particles •. The ZnS-P7 seems 
to be the cubic crystal. 
The sodiu~ iodide phosphor powder had a strong but very broad l umines-
cence band, so that ~here was uncertainty in the location of a maximum. 
Actually the band mid~point was listed. The disk shot-ved no appreciable 
luminescence that co~ldn 1 t have been due to the boric glass itself. In 
view of the great affinity of sidium iodide for .water, the ease y ith which 
sodium iodide may be activated, the yellow coloration of t he di!l,ks, and 
the lack of disk luminescence, it is likely that th'e water in the hot boric 
mixture had deactivated the phosphor crystals by a solution effect. 
' 
The zinc ~ilicate disk, with emission at 5260 ~' showed a blue shift 
from the 5390 A phosphor powder luminescence. A microsuspension effect is 
indicated. 
The calcium tungstate both in powder form and in the disk s ho'vmd only 
weak luminescence with maximum poorly defined. The plain boric disks had 
weak luminescences in the blue, green, and near-green. Some of this emission 
may be due to traces of impurities. 
XIII. DISCUSSION AND CONCLUSIONS 
A. Neutron Flux at t he Det ector 
, The problem is treated as if the slow neutrons whic~ came through a 
face of the source box were all coming from an !faverage point source" and 
l·Tere evenly ~preading :titroughout a hemisphere. In the experimental set-
up the neutrons which irnp·ing,ed on the .,disk were t hose which struck a circu-
l a r area perpendicula r tq the hemisphere r adius. The aver age ci rcle di ameter 
was 1.2 inches (from a disk diameter of 1.75 i nches) and the average hemis-
phere radius was 13 inches (disk distance from the average point source). 
It was . calculated that the ''i'iuX:"iat an edge was 25 % of the flux a t a 
face center. Ayer~ging across the box f ace gave an overall average value 
.*Simply grind Lng sodium and thallium iodides to ge t her in a mortar will 
produce a luminescent species. 
... 
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Qf i50 % _of~ tpe face center flux for the averB.ge point source. The .::: 
f ace center flux has -~een :JgJerinentally determined pr!yious!¥ (p. 95) as 
81 !. 18 neutron sec. em. 2 or 520 .!. 115 ne.utron sec. in. • 
The fraction of neutrons on too disk is gi ven by the simple solid 
geometry ratio: 
'2 3.14 X .60 X .5 
2 X 3 • '1.4 X 13 2 : 
I 
.00053 
Then the neutrons per second striking the disk is given by: 
.00053 x 182 x 520 • 89.3 neutron sec.-l 
B• Results Compared with Theoretical Count 
The observed dark or noise count for the s cintillati.oi). set-up was 
500 +50 counts per second. The 5819 teroperature was 15°C. Using the · 
relation p = 36 (3.1 + .oJ:r) -36 log C (p. ~5 , 86), p is found to be 27. 
The average disk thickTiess was about 3. 5 em. and such that ~~ but a 
negligible - ~raction of the i mpinging slow neutrons were stopped. Thus Cd 
is 89 and s as caldulated equals 1.17 (Table 18) .. Substituting into log 
C = 2sCd - p/36 (p.86), 
log C -:-:, 2 x l.f-7._x 89.3 - 27/36 
= ~~321- .75 
= 1.571 
c = 37.2 + 6. 
This ·value'of 37 counts· per second is the theoretical or predicted slow 
neutron count for disk 7 with the given amplifier gain an~ . other quoted . 
exp~rimental conditions. The a6tua1 count obtained was 39 + 15.· The check 
is excelYent if not f or tuitous. -
It is expected that the experimental value would' have been'lower than 
the theoretical because of the large particle size, but was actually in-
creased by a small amount of boric energy transfer as well c:s by the boric 
luminescence. Both these l atter effects tend to make the s-value higher 
than calculated • 
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C, General 
The general disk characteristics have been rather completely discussed 
in the appropriate previous chapters. It has been shown that, whereas the 
boric glass phosphor seemed to have possibilities . as a slow neutron detector, 
there were in fact serious practica1 difficulties. 
The anthracene, which seemed to disperse nicely in the boric glass, 
would not di ssolve in sufficient quantity, nor was it an efficient phosphor 
for this application. Sodium iodide also appeared to dissolve but was 
deactivated in the process. The zinc phosphors tended not to disperse and 
produced more opaque disks with even small concentrations. 
These factors are limitations on the disks being successful slow neutron 
detectors as well as preventing effective checking of the theory. 
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Figure l 
Neutron Detection Set-Up 
a. Ra-Be fast neutron 
source. 
b. lead sphere for gamma 
shielding. 
c. paraffin for slowing 
the neutrons 
d. lead shield 
e. shield l 
f. shield 2 
g. disk housing 
h. boric disk for neutron 
detection 
e 
1. 5819 phototube 
j. preamplifier 
